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Abstract 
Microbial speciation is a topic of great debate, given that bacteria and archaea are 
generally asexually reproducing organisms that occasionally engage in genetic transfer and 
recombination. With the onset of the era of genomic sequencing of natural populations of 
microorganisms, it has been revealed that genetic recombination is not just a useful laboratory 
tool for microbial geneticists, but instead a prominent feature of microbial population biology. 
Conceptual models of how microbial species may form, especially those that incorporate genetic 
recombination, are currently being tested using the rapidly accumulating wealth of sequence data 
from entire microbial populations and communities. Sulfolobus islandicus is a model organism 
for studying microbial population biology due to its island population structure that isolates 
endemic populations to specific regions. A single population from the Mutnovsky Volcano region 
of Kamchatka, Russia was studied in-depth to determine why diverging species showed large 
‘continents’ of fixation between co-existing ‘species’. The effects of mutation, selection, and 
recombination were analyzed genome-wide using a set of ten genomes from the two species that 
co-exist in this population. Although mutation rates had no correlation with patterns of genetic 
diversity, the interplay between recombination and selection were shown to define the non-
uniform distribution of genetic diversity in the S. islandicus chromosome. The analysis also 
identified large genomic regions (>100Kb) of low recombination. To follow up on this result, 
strains were brought into the laboratory to investigate genome-wide inter-species recombination 
rates. A combination of high-throughput genome sequencing and novel computational tools 
determined that recombination rates do not vary significantly across the genome. This contrasts 
with the natural population study, implying that environmental selection acts against inter-species 
hybrids to reinforce species boundaries. Finally, antagonistic interactions among these ten 
genome strains, as well as an expanded set of strains isolated from multiple hot springs and time 
points were catalogued and shown to correlate with genetic distance. Characterization of the 
genetic underpinnings and mechanism of the antagonism have begun, but definitive conclusions 
will require further work and alternative approaches. 
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Chapter 1 
Inferring Speciation Processes From Patterns of Natural Variation in Microbial Genomes
1
 
 
1.1 Introduction 
Although the importance of microbial biodiversity is broadly acknowledged (Falkowski 
et al., 2008; Turnbaugh et al., 2009), advances in microbial ecology and evolutionary biology are 
limited without a good understanding of the fundamental units of biology – species (Achtman and 
Wagner, 2008).  Molecular tools have shown that microbial diversity appears to be structured into 
distinct genetic units (Casamayor et al., 2002; Acinas et al., 2004; Sikorski and Nevo, 2005; 
Achtman and Wagner, 2008; Koeppel et al., 2008).  However, whether these units behave as 
independent species is unknown.  In the absence of good, genome-wide empirical data, 
contentious debate has been ongoing about what species and speciation mean in microbes, and 
whether microbial species exist at all (Doolittle and Papke, 2006; Papke et al., 2007).  Recently, 
however, the technological innovation of next-generation sequencing coupled with the emerging 
discipline of population genomics has started to provide a new window on natural variation able 
to reveal the evolutionary processes ongoing in natural microbial populations.  The power of this 
approach comes from its ability to compare genomic variation across regions of the genome to 
infer whether different processes are occurring at different loci.  Only when these processes are 
well characterized in a broad diversity of microbial taxa can microbial speciation be understood. 
Here we use the unified species concept of de Queiroz: species are “lineages evolving 
separately from other lineages.” (Queiroz, 2007).  With this general definition in mind, we 
discuss how to detect patterns in microbial genomes in order to understand the processes that 
allow microbial lineages to diverge and keep them independent, whether they be clonal species 
differentiated by selection and/or genetic drift, recombining species isolated by physical barriers, 
or recombining species that undergo differential ecological selection.  We highlight the fact that  
identifying patterns of genomic variation makes it possible to go beyond the delimitation of 
species and yields insights into the speciation process, whether it has occurred through ecological 
selection or because of barriers to gene flow.  We therefore see population genomics as an 
excellent hypothesis-generating tool for examining experimentally the forces driving speciation in 
natural populations. 
                                                  
1
This chapter is adapted from an article in the journal: Systematic Biology. This article was 
published under the open access model, permitting unrestricted non-commercial use, distribution, 
and reproduction in any medium, provided it is properly cited. The article is available from 
http://www.ncbi.nlm.nih.gov/pubmed/ with the PMID: 26316424. 
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The first step in using population genomics to investigate speciation is proper sampling.  
Because they focus on recent evolutionary events that generate variation among individuals, 
population genetic studies typically include many closely related individuals in order to avoid the 
confounding effects of many overlapping events.  Because bacteria, archaea, and viruses typically 
have small genomes, advances in sequencing technology have made it feasible both 
technologically and financially to sequence the entire genomes of hundreds of individuals.  
Currently, population genomic methods apply best to cultured individuals isolated from the 
environment as single laboratory strains so that the linkage between regions of the genome is 
known.  Culture-independent population genomics using bulk environmental DNA has also been 
attempted (Allen et al., 2007; Eppley et al., 2007; Caro-Quintero and Konstantinidis, 2012); 
however, challenges remain in resolving the linkage of alleles across closely related genomes.  
These challenges may be overcome by new techniques such as metagenomic chromosome 
conformation capture (meta3C), a tool which has been shown to aid in the assembly of genomes 
from bulk environmental DNA (Marbouty et al., 2014).  Another new technology on the horizon, 
single-cell genomics (Kashtan et al., 2014), is likely to enable soon culture-independent analysis 
of many individual genomes , yet error rates and amplification biases currently prevent this type 
of study from being widely tractable today.  
To identify which individuals should be sequenced, a priori hypotheses about the 
ecological or physical drivers of speciation are often used (Reno et al., 2009; Shapiro et al., 
2012).  Yet for most microbes the scale at which environmental variation occurs is difficult to 
determine, making a priori hypotheses difficult to generate reliably.  As described below, 
population genomic tools can be used to identify potential sources of differentiation without these 
a priori assumptions, by sequencing as many random individuals within a population as possible.  
The idea is to randomly partition these sequenced strains into groups and test for patterns of 
genomic variation indicative of recombination and selection.  Because forces such as genetic drift 
can affect the patterns of variation in natural populations, this sort of de novo approach to 
identifying species within a set of sampled individuals requires great care to distinguish patterns 
from a null expectation of no differentiation, with corrections for the many comparisons involved 
in sampling an entire genome.  Such an approach may identify novel divisions within a 
population that do not immediately conform to obvious species boundaries based on known 
environmental differences (Cadillo-Quiroz et al., 2012).  Below we describe the primary models 
of microbial speciation that have been proposed and the resulting patterns of natural variation 
predicted to occur in microbial genomes.  A description of commonly used population genetics 
metrics that may help understand these models in a population genomics framework can be found 
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in Table 1.1.  Once these models are understood, patterns of natural variation can be used to infer 
the processes of speciation that, although not directly observable, are ongoing in natural 
populations.  These expectations are also summarized in Table 1.2. 
 
1.2 What are the patterns predicted to occur in the genomes of microbial species? 
One of the most widely accepted models for microbial species is the clonal ecotype 
model, in which an ‘ecotype’ is defined as “a group of bacteria that are ecologically similar to one 
another, so similar that genetic diversity within the ecotype is limited by a cohesive force, either 
periodic selection or genetic drift, or both” (Cohan and Perry, 2007).  This model posits that, 
because microorganisms are clonally reproducing, recombination rarely occurs among individuals 
within a population (Cohan, 2002).  In such a situation, periodic selective sweeps of adaptive, 
niche-specific mutations purge genomic diversity within the ecotypes.  Independent selective 
sweeps occurring in different ecotypes result in low genomic diversity within species but high 
fixed divergence between them that increases over the time that they are isolated from one 
another.  This type of pattern can be identified in genomic data using FST, the fixation index, 
which measures population differentiation due to genetic structure (Hartl, 2007).  It can be 
calculated using the formula FST=1-π/DXY (Hudson et al., 1992), where π is the intraspecific 
nucleotide diversity (the average number of nucleotide differences between two individuals 
sampled randomly within a species; Nei and Li, 1979) and DXY is the interspecific divergence 
(the average number of nucleotide differences between species).  The clonal ecotype model 
predicts that fixed differences (FST values close to 1) should occur throughout the genome (Fig. 
2):  if selective sweeps occur frequently within a population, they decrease π and increase DXY, 
resulting in FST values close to 1 (Nei, 1987).  Some versions of the clonal ecotype model allow 
for horizontal gene transfer of novel gene content into clonal backgrounds; in a primarily clonal 
context these genes may become fixed within a population if they are adaptive or in close linkage 
with a positively selected mutation (Tettelin et al., 2005; Koeppel et al., 2008).  
In the clonal ecotype model, genome-wide divergence and fixation are predicted to occur 
throughout the genome and not solely at the loci responsible for speciation. However, it may be 
possible to identify these loci under some conditions.  For instance, the periodic selection events 
that underlie the clonal ecotype model may at the same time promote key amino acid changes 
responsible for species divergence and purge neutral diversity, leading to elevated ratios of non-
synonymous (dN) to synonymous (dS) substitutions rates specifically at the loci experiencing 
selection (Allen et al., 2007). 
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 Outside of the clonal ecotype model there also exist models of speciation in microbes that 
allow a larger role for recombination.  Based on patterns of natural variation in multi-locus 
sequence typing (MLST) studies, it has been suggested that recombination in microorganisms 
may overcome clonal reproduction under some conditions (Hanage et al., 2005; Whitaker et al., 
2005), and both homologous and non-homologous recombination can be detected across the 
genome by looking at patterns of genome sequence (Didelot et al., 2010; Krause et al., 2014).  In 
this case the clonal ecotype model and its derivatives are not suited: instead, new models that 
incorporate recombination must be used.  Like in sexual eukaryotes, speciation in recombining 
microorganisms requires barriers to gene flow. Well-studied mechanisms that can cause this 
include decreases in homologous recombination when sequence divergence increases (Greig et 
al., 2003; Fraser et al., 2007) as well as physical separation caused by geographic isolation 
(Whitaker, 2006; Whitaker et al., 2003).  In what follows, we base ourselves on the literature on 
sexual eukaryotes to describe the patterns expected to be found in the genomes of recombining 
microorganisms experiencing speciation due to physical barriers or adaptive divergence (Nosil 
and Feder, 2012).  
The possibility that geographic barriers to gene flow may cause allopatric speciation in 
some microbial systems was previously studied at the MLST level (Whitaker et al., 2003; Vos 
and Velicer, 2008). Such physical barriers to gene flow may be identified if recombination is 
frequent within particular groups of strains but limited between them.  Species formed by 
physical barriers to gene flow present genomic signatures of high FST and DXY between species; 
however, unlike in the clonal model, π is relatively high and constant across the genome of each 
species since periodic selection is counteracted by recombination (Begun and Aquadro, 1992; 
Fig. 2).  In the absence of physical barriers, selection in different environments may differentiate 
lineages and promote ecological speciation.  In cases where recombination rate is high and 
constant across the genome, theory predicts that most genome regions will display low FST and 
low DXY.  However, speciation loci will stand as “islands” characterized by high differentiation 
(FST), high interspecific divergence (DXY), and low intraspecific nucleotide diversity (π) (Fig. 2) 
(Nadeau et al., 2012; Nosil and Feder, 2012; Via, 2012).  In theory, if ecological differences 
between nascent species result in preferences for different habitats, species will diverge and 
become ecologically differentiated.  Evidence for ecological selection may be observable in 
speciation islands, just like in the clonal ecotype model, using metrics such as dN/dS.  In addition, 
other metrics such as Tajima’s D, which compares intraspecific nucleotide diversity to the 
number of segregating sites within a species (Tajima, 1989), can be used.  This metric is sensitive 
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to other population effects such as bottlenecks, which affect the entire genome, and is therefore 
most useful to detect outlier loci in recombining genomes.   
Ultimately, the different models proposed for microbial speciation are likely to result in 
very different genomic patterns.  However, as we will see, testing these various models and 
determining which one is best suited to a particular system requires a thorough approach that 
includes measurements of relative and absolute divergence, tests for selection, and inferences of 
gene flow. 
 
1.3 What are the patterns detected in microbial genomes?  
Very few studies have put all the pieces together by testing for gene flow, selection, 
diversity and divergence in a large set of genomes.  The best data in support of the clonal ecotype 
model come from experimental evolution studies, which are performed under strict laboratory 
conditions where recombination is limited or precluded.  In these studies, the genomic signatures 
of the periodic selection events that are the cornerstone of the ecotype model can be analyzed 
immediately following their occurrence.  The best example is Lenski’s long-term evolution 
experiment, in which Escherichia coli cultured in laboratory medium for more than 50,000 
generations have been analyzed phenotypically as well as subjected to genomic analyses (Wiser 
et al., 2013).  An analysis of the increasing fitness of clones over tens of thousands of generations 
in the lab, suggesting that many selective sweeps occurred, found twenty-six fixed mutations in 
coding regions of evolved strains after 20,000 generations, all of which were non-synonymous 
substitutions (Barrick et al., 2009).  A compelling example of ecotype divergence occurred 
naturally within this long-term experiment when a divergent lineage emerged with a novel ability 
to metabolize citrate, a previously unexploited carbon source present in the medium (Blount et 
al., 2008).  In this scenario, the ecological differentiation was tied to the tandem amplification of 
a gene involved in citrate transport, as well as to a few potentiating and actualizing mutations 
specific to this lineage (Blount et al., 2012).  In these flasks, two lineages, one utilizing glucose 
and the other utilizing citrate, are stably coexisting and likely to persist through future 
generations. 
 In natural populations, many studies have assumed that bacteria are primarily clonal and 
have used comparative genomics to find evidence of ecological differentiation based on 
ecological niches defined a priori.  For example, a broad study of Prochlorococcus marinus 
sequenced genomes of strains from ecotypes adapted to high or low levels of light (Paul et al., 
2010).  When looking at dN/dS ratios between strains adapted to different light levels, the authors 
detected 78-90 genes that appeared to be under positive selection.  However, 68 genes were found 
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to be under positive selection when the comparison was made between low-light ecotypes, 
implying some alternative ecological differentiation that was not identified a priori.  Although 
this study was able to identify the genetic basis of ecological differentiation, it did not pinpoint 
the cause of the speciation process because the ecotypes investigated were highly divergent by 
population standards and because some variables such as gene flow and genetic drift were not 
investigated. 
In species that are known to recombine more frequently, patterns of differentiation 
among genomes have yielded information on physical and ecological barriers.  Physical barriers 
that isolate populations were identified in divergent populations of the archaeaon Sulfolobus 
islandicus collected from hot springs in Russia, North America, and Iceland (Whitaker et al., 
2003), and limited gene flow among these populations has been found across both the core (Fig. 
3) and the variable parts of their genomes (Reno et al., 2009).  Other physical barriers to gene 
flow may occur in sympatry; for example, strains of S. islandicus, isolated from a single hot 
spring, were found to belong to two species with rates of recombination higher within than 
between them (Cadillo-Quiroz et al., 2012).  In this case there was no clear target for differential 
selection.  The authors of this study hypothesized that physical barriers to gene flow (resulting 
from incompatible transfer mechanisms such as pili and surface-layer components) or in situ 
ecological differences (resulting from adaptation to microenvironments) may be responsible for 
this apparent case of sympatric speciation. 
In the microbial eukaryote Neurospora crassa, recently diverged but recombining 
populations living either off the Louisiana coast or in the Caribbean were analyzed for evidence 
of ecological differentiation among incipient allopatric species.  A population genomic approach 
using  FST to measure fixation between species, DXY to measure divergence, and Tajima’s D to 
identify selection found two genomic regions that could explain population differentiation 
(Ellison et al., 2011).  Further searches for signatures of selection identified allelic differences in 
one of these regions, containing a RNA helicase gene that may be involved in the differentiation.   
In the bacterium Vibrio cyclitrophicus, species were identified in which ecological differences 
(namely, association with particles of different sizes) rather than physical barriers appear to be 
driving speciation (Hunt et al., 2008).  Analysis of genome sequences found evidence for fixation 
between two species in four small genomic islands against a background of high levels of gene 
flow in the rest of the genome, suggesting that these four regions are involved in the 
differentiation between these species (Shapiro et al., 2012).  Also, there was evidence for more 
frequent recombination within species than between them, suggesting that the observed 
ecological differentiation may also have resulted in a barrier to gene flow.  In a study of Bacillus 
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cereus sensu lato, several identified clades exhibited phenotypic differentiation with respect to 
pathogenicity. Genomic inference of recombination found recombination to be 1.9–4.3 times 
more frequent than mutation, but a deep ancestral divergence between clades was still present 
(Zwick et al., 2012).  Analysis of clade-specific selection using dN/dS ratios identified candidates 
for differentiation in some highly conserved genes, specifically genes involved in amino-acid 
metabolism.  Although the relative rates of intraspecific and interspecific recombination were not 
investigated, these results suggest that ecological speciation is occurring at these loci. 
 Because barriers caused by physical factors such as geographic separation create effects 
similar  to those of barriers caused by ecological differentiation, it may be difficult to distinguish 
between the two.  Also, inferences may differ depending on whether we are looking at an 
incipient speciation or at a well-established one (Shapiro and Polz, 2014).  Islands of speciation 
may only be present during early divergence, as in the Vibrio study (Shapiro et al., 2012; Shapiro 
and Polz, 2014).  Much larger ‘continents’ of fixation, as in the Sulfolobus study (Cadillo-Quiroz 
et al., 2012), may be observed later in the process of speciation or might form neutrally if the 
barriers to recombination between species are not acting across the whole genome.  Regions 
experiencing low recombination are the first to diverge while regions that recombine frequently 
maintain shared polymorphisms and experience little divergence and fixation (Nachman and 
Payseur, 2012).  In this case, the regions of low recombination become fixed not because of 
ecologically driven divergence between species nor because of selective sweeps but because of 
background selection, as observed in S. islandicus species (Krause et al., 2014).  
 
1.4 Where do we go next?   
Because evolutionary forces interact in nature, teasing apart the inferred processes 
responsible for the patterns observed in population genomics is a difficult task.  Measurements of 
parameters such as selection coefficients, relative fitness, recombination and mutation rates in the 
lab are often needed to clarify the interpretation of the patterns observed in natural populations.  
In addition, although it is impossible to replay evolution in a natural setting, the patterns predicted 
to result from various speciation processes can be tested in the laboratory using microbial 
populations.  Even though cultivable organisms make up a small fraction of microbial diversity, 
most strains currently studied in population genomics are derived from wild strains isolated in the 
lab.  This opens the door to laboratory-based investigations that will supplement our knowledge 
of species in nature. 
 The physiological basis of ecological differentiation may also be studied in laboratory 
populations.  Lab-derived ecotypes of E. coli that utilize different resources show highly 
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divergent gene expression profiles, which implies that divergence may not only be found in genes 
responsible for differentiation but also in their regulators (Kinnersley et al., 2009).  A recent 
study using laboratory microcosms of Bacillus subtilis clones found that, in a majority of 
replicate cultures, distinct putative ecotypes evolved that differed by colony morphology and 
competitive growth rates (Koeppel et al., 2013).  These studies illustrate the potential for 
ecotypes to form even under controlled laboratory growth conditions.  Comprehensive genomic 
analyses of the resulting ecotypes would do much to illuminate genome-level processes of 
ecotype formation, especially since these analyses can be performed immediately following 
differentiation. 
For recombining organisms we are likely to be able to find out the genetic sources of 
ecological differentiation.  The true gold standard of delineating ecological species in these 
organisms will come from using genomics to identify genetic loci under selection then 
performing controlled tests to explain the function of these genes in their ecological context.  This 
is likely to be easier for some organisms than for others.  In the case of well-studied model 
organisms such as E. coli, the function of many genes is well understood, making it far easier to 
come by hypotheses; besides, these strains are generally amenable to genetic manipulation, 
making them prime targets for laboratory study (Luo et al., 2011).  In the case of Neurospora, for 
instance, some understanding of the role of RNA helicases in adaptation to cold was needed to 
formulate a hypothesis for how one RNA helicase gene might be responsible for the differences 
observed between species (Ellison et al., 2011).  These types of conclusions will be harder to 
reach for organisms less well understood, such as the uncultured microbial majority; besides,  
when validating speciation targets obtained from genome scans one should not content oneself 
with a narrative based on functional annotation (Pavlidis et al., 2012).  The strength in utilizing 
such genome-wide association studies lies in their ability to identify genes that are under selection 
without any prior gene characterization.  Investigators need not, nor are they able to, make 
assumptions about what types of genes are likely to become differentiated in certain 
environments.   
When searching for loci responsible for ecological speciation, speciation islands are 
impossible to identify if species delimitations are based on average nucleotide identity or other 
sequence-based clustering analysis, because such approaches, by definition, only detect patterns 
of divergence if they are shared by a majority of loci.  Identifying recombination patterns and 
delimiting potential biological species a posteriori based on these patterns may be the best way to 
identify truly significant ecological boundaries.  Without some barrier to recombination between 
lineages, organisms cannot diverge into separate species.  In addition, statistical analyses are 
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needed to detect outlier loci more differentiated than the rest of the genome, especially when 
conflicting evidence supports alternative species assignments.  Although genomic evidence can 
be used to confirm a priori species delimitations, letting genomic data speak for themselves is a 
better approach as it can identify species boundaries that were not expected.  Indeed, microbial 
ecotypes may not be delineated by parameters believed to be important such as temperature, pH, 
or salinity; biology always has the capacity to surprise. 
When biological species are found, further experimental examination is required to find 
out the mechanism responsible for speciation.  For example, a better understanding of the 
mechanisms of recombination is required to predict where physical barriers to gene flow might 
occur.  Straightforward tests for detecting barriers to recombination should be performed to find 
out whether speciation is caused by physical barriers rather than by ecological ones.  Patterns 
such as those described for S. islandicus strains (Figure 3) may result from a variety of 
mechanisms of physical isolation.  In sympatry, physical barriers to recombination can result 
from a diversity of mechanisms including restriction modification, CRISPR-Cas systems, and 
decreased homologous recombination between divergent sequences (Fraser et al., 2007; 
Doroghazi and Buckley, 2011).  Some naturally competent bacteria also have specific signal 
sequences responsible for the uptake of DNA closely related to the host genome, thereby 
increasing the level of gene flow among closely related strains (Redfield et al., 2006). Finally, 
antagonistic interactions, common among microorganisms, can also define routes for gene 
exchange among species (Cordero et al., 2012). All of these mechanisms can be investigated to 
some extent in the laboratory. 
Experimental methods to detect barriers to gene flow include sorting cells into 
microcosms and periodically looking for evidence of recombination, or establishing genetically 
tractable cultures in the laboratory and using genetic crosses to investigate recombination barriers 
(Zhang et al., 2013).  Also, the potential for varying recombination rates to alter the speed at 
which different parts of the genome undergo differentiation requires further investigation.  
Variations in recombination rates in different chromosomal regions have been identified in some 
microorganisms (Touchon et al., 2009; Krause et al., 2014).  Besides, genomic analyses of 
microorganisms often reveal that intragenomic recombination is enhanced at loci involved in 
processes such as immune evasion, cellular defense, cell wall formation and motility ( Haven et 
al., 2011; Caro-Quintero and Konstantinidis, 2012).  Direct measurement of genome-wide 
recombination rates in the laboratory has long been a hallmark of eukaryotic biology, but it is 
currently being initiated in bacteria such as Streptococcus, Haemophilus, Pneumococcus, and 
Mycobacterium (Brochet et al. 2008; Mell et al., 2011; Croucher et al., 2012; Gray et al., 2013; 
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Mell et al., 2014).  Laboratory experiments offer unique controlled environments to isolate and 
test specific hypotheses. 
Population genomics is turning into an indispensable tool for microbiologists because it 
allows studying variation beyond what even the most powerful microscopes can see.  However, 
as new data continue to pour in, it is becoming clearer and clearer that even population genomics 
is unlikely to solve the problem of microbial species all by itself.  Given the immense diversity of 
the microbial world, microbiologists should not expect that whole genome sequences will be a 
tool for converging upon some critical threshold of nucleotide similarity distinguishing 
interspecific diversity from intraspecific variation; rather, population genomics will reveal the 
processes through which species form.  We need to continue to apply our understanding of 
bacteria, archaea, and eukaryotes to conceive and explain how species are formed and 
maintained, embracing the diversity among all three domains.  Where possible, observations from 
laboratory experiments or mesocosm studies are required in order to support or reject the 
hypotheses derived from genomic studies.  For cultivable organisms, genes involved in ecological 
differentiation can be used in genetic tests to demonstrate association with the expected 
phenotypes of distinct ecotypes.  Barriers to recombination can be discovered and further 
investigated using genetic crosses in the laboratory.  Current research using genomic approaches 
to investigate microbial species has the exciting allure of setting strong precedents for future 
work, but with this comes a strong responsibility to properly utilize the toolsets and explore all 
theoretical options.  Despite the many drawbacks of studying organisms that cannot be easily 
seen, the synthesis of population genomics with evolution and molecular biology is likely to bring 
a better understanding of species in the microbial world. 
 The following work is an exploration of the aforementioned themes. Under the precedent 
of the discovery of two sympatric species of S. islandicus, isolated from a single hot spring in 
Kamchatka, Russia (Cadillo-Quiroz et al., 2012), we aim to further understand the mechanisms 
by which these species arose and are maintained. First, we identify patterns of variation that result 
from the three major evolutionary processes of mutation, recombination, and selection. From 
these patterns we infer the nature of the evolutionary process that creates a non-uniform genome-
wide distribution of genetic diversity, via the interaction of recombination and selection (Krause 
et al., 2014). Next, we use genetic tools, combined with high-throughput sequencing technology, 
to analyze patterns of recombination that occur as a result of inter-species genetic crosses in the 
laboratory. Ultimately we determine that recombination occurs uniformly throughout the genome, 
in contrast with the conclusions of the natural population study. Finally, we investigate ecological 
differentiation between the species in the form of antagonistic interactions mediated by 
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proteinaceous toxins called sulfolobicins. We discuss the biochemical nature of the toxin, its 
possible effects on the target cell, as well as an expanded strain network consisting of 45 
sequenced strains from the Mutnovsky population. 
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1.6 Figures and Tables 
Table 1.1 – Description of metrics commonly used in population genomics studies. 
Metric Description Relevance to population genomics 
π Average intraspecific pairwise distance 
Nucleotide diversity within a 
species 
DXY Average interspecific pairwise distance Divergence between species 
FST 1 –π/DXY Fixation index 
dN/dS 
Ratio of non-synonymous to synonymous 
substitution rates 
Detection of positive or purifying 
selection 
Tajima’s D 
Comparison of intraspecific nucleotide 
diversity and number of segregating sites 
Detection of outlier loci affected by 
selection 
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Table 1.2 – Three of the main models of speciation for microbes, their supporting evidence that 
can be found in genomes, and how species can be discerned.  
Model of speciation Resulting genomic pattern How to delineate species 
Clonal ecotype model 
Little to no evidence for 
recombination; high FST across all 
genomic loci 
Fixed gene content or fixed 
polymorphism 
Physical barriers to 
recombination 
Recombination among some but 
not all individuals  
Recombination rate higher 
within than between species  
Ecological barriers to 
recombination 
Recombination detectable among 
all individuals in the population; 
DXY and FST profiles present 
isolated peaks 
Grouping based on FST and DXY 
at the peaks of genomic 
diversity 
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Figure 1.1 – Patterns expected to be detected in population genomic studies  of two closely 
related species for each of three different models of speciation.  Horizontal bars represent 
individual genotypes and colored rectangles indicate polymorphisms within the population: 
purple rectangles stand for alleles that are fixed in one species and absent in the other one, yellow 
rectangles represent non-fixed alleles that are recombined between species and are therefore 
found in both, whereas red rectangles indicate non-fixed alleles that do not recombine but 
propagate clonally and are therefore only found in one species.  Green horizontal rectangles 
indicate variation in gene content, i.e. genes that are present in some individuals (green 
rectangles) but absent in others (thin lines).  Dashed lines separate the two species. a) Patterns 
derived from the clonal ecotype model, wherein there is no gene flow and SNPs are generally  
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Figure 1.1 (cont.) 
fixed between species. b) Patterns expected in case of a physical barrier to recombination.  
Recombination occurs within species but not between them, resulting in less fixation than in the 
clonal ecotype model. c) Patterns expected in case of differential selection with gene flow, in 
which recombination occurs among all members of the population but strong ecological selection 
creates islands of divergence between species. 
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Figure 1.2 – Profiles of intraspecific nucleotide diversity (π ), interspecific divergence (DXY) and 
fixation index (FST) predicted to occur in three models of speciation.  The three cases correspond 
to those in Figure 1.1: (a) clonal ecotype model, b) physical barriers to gene flow, c) differential 
selection with gene flow. The solid gray lines represent π , the solid black lines  DXY and the 
dashed lines FST between species.  Gaps in the plot correspond to the position of variable gene 
content.  Values are based on the theoretical patterns of Figure 1.1.  
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Figure 1.3 – Analysis of the influence of geographical barriers on patterns of gene flow in 
Sulfolobus using ClonalOrigin (Didelot et al., 2010).  This program starts by reconstructing a 
single clonal phylogeny of the strains (shown on the left and on top of the diagram) then 
determines the frequency of recombination events between each pair of strain (including the 
inferred ancestor strains), which are depicted in the diagram as  lower than expected (blue), not 
significantly different from expectation (white) or higher than expected (red).  Strain names in 
black and starting with the letter ‘M’ were isolated from Kamchatka (Russia). Strain names in 
blue (L.S.2.15, L.D.8.5) come from Lassen National Park (California)and those in green 
(Y.G.57.14, Y.N.15.51) come from Yellowstone National Park (Wyoming).  
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Chapter 2 
Recombination Shapes Genome Architecture in an Organism From the Archaeal Domain
2,3
 
 
2.1 Abstract 
 Variation in recombination rates across chromosomes has been shown to be a primary 
force shaping the architecture of genome divergence.  In archaea, little is known about variation 
in recombination across the chromosome or how it shapes genome evolution.  We identified 
significant variations in polymorphism occurring across the chromosomes of ten closely-related 
sympatric strains of the thermoacidophilic archaeon Sulfolobus islandicus.  Statistical analyses 
show that recombination varies across the genome and interacts with selection to define large 
genomic regions with reduced polymorphism, particularly in the regions surrounding the three 
origins of replication.  Our findings demonstrate how recombination defines the mosaic of 
variation in this asexually reproducing microorganism and provide insight into the evolutionary 
origins of genome architecture in this organism from the Archaeal domain. 
 
2.2 Introduction 
Spurred by the rapid increase in genome sequencing, there is a growing interest in the 
genomic architecture of divergence, which integrates evolutionarily-driven genome dynamics 
with chromosomal organization (Feder et al., 2005; Nosil and Feder, 2012; Roselius et al., 2005; 
Stevison et al., 2011; Via, 2012).  In current evolutionary models for sexual eukaryotes, the 
relationship between mutation, selection and recombination as each of these processes varies 
across the chromosome explains the architecture of divergence.  For example, recent genomic 
studies have shown that reduced recombination in proximity to centromeres (Choo, 1998) or large 
chromosomal inversions (Stevison et al., 2011), as well as increased recombination at 
recombination hotspots (Myers et al., 2008) can greatly influence the way diversity is distributed 
across the genome.  This is because through recombination-selection antagonism, physical 
linkage between loci defines the extent to which diversity in the genome is purged by natural  
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selection, whether by background selection against deleterious genotypes or genetic hitchhiking 
of adaptive alleles (Felsenstein, 1974).  A better understanding of these forces and how their 
interactions shape diversity promises to reveal the genetic basis of phenotypic variation and the 
evolutionary processes of natural selection, adaptation, divergence and speciation (Nosil and 
Feder, 2012; Via, 2012). 
Bacteria and archaea reproduce asexually, therefore recombination is not an obligate part 
of each generation.  Therefore, it has long been assumed that there is little room for 
recombination-selection balance in genome dynamics of organisms from these domains.  
However, through comparative genomics of closely related bacteria the influence of 
recombination has been suggested to vary across the chromosome, suggesting these evolutionary 
mechanisms may exist in bacterial genomes (Touchon et al., 2009).  Little is known about how 
recombination affects the genome evolution of organisms from the Archaeal domain of life.  In 
archaea, proteins involved in replication, recombination and repair are more closely related to 
their homologs in the sister domain eukaryotes than to those in bacteria, suggesting these cellular 
processes may differ dramatically from organisms in the Bacterial domain (Cann and Ishino, 
1999; Woese and Fox, 1977).  Multi-locus sequence analysis of natural archaeal populations has 
shown that in both the crenarchaeal and the euryarchaeal divisions, recombination can occur at 
rates higher than mutation (Papke et al., 2004; Whitaker et al., 2005), and these levels also fall 
within the range associated with bacterial recombination (Vos and Didelot, 2009). Genome 
analysis of 12 S. islandicus strains isolated from a single hot spring show that recombination 
occurs more frequently within than between species (Cadillo-Quiroz et al., 2012) demonstrating 
the influence of gene flow on diversity in this system. 
Relative to their well-studied bacterial and eukaryotic counterparts, little is known about 
gene transfer mechanisms in the archaea. Laboratory experiments have demonstrated that in 
Haloferax, a member of the Euryarchaea, cell-cell fusions result in recombinant transfer of donor 
DNA in one long (>300Kb) tract but suggest the potential for recombination to occur throughout 
the chromosome with consequences similar to crossing-over in eukaryotes (Cohan and Aracena, 
2012; Naor et al., 2012). 
In Sulfolobus, the model organism of the Crenarchaea, transfer of plasmids among 
Sulfolobus strains has been observed (Schleper et al., 1995), and genetic transfer of chromosomal 
markers independent of plasmid-mediated conjugation appears to occur through a conjugation-
like mechanism (Ajon et al., 2011).  Recombination readily occurs between mutations that are as 
few as 10bp apart (Hansen et al., 2005), and it has been demonstrated to involve a mechanism 
that resembles lambda red requiring as little as 2-5 bp homology on one side of a mutation 
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(Grogan and Stengel, 2008).  Incorporation of DNA acquired through in vitro transformation has 
been shown to involve discontinuous short tracts (Grogan and Rockwood, 2010).  Tracking of 
multiple unselected markers in recombinant clones suggested that recombination occurs 
throughout the chromosome (Grogan, 1996).  Despite experimental and molecular evidence that 
recombination occurs,   whether or how recombination might vary across the archaeal 
chromosome is not known.  Without this piece of the evolutionary puzzle, it is impossible to 
accurately determine how genome diversity arises and is maintained. 
Sulfolobus islandicus is a thermophilic crenarchaeon that is readily cultured from acidic 
hot springs.  Like other members of the Sulfolobales, S. islandicus has a 2-3 Mb circular 
chromosome with three synchronous origins of replication that are highly regulated to replicate 
the chromosome once per cell division (Lundgren et al., 2004; Robinson and Bell, 2007; 
Robinson et al., 2004).  Comparative genomics studies of seven S. islandicus strains from three 
geographically isolated populations demonstrated that some regions of the single S. islandicus 
chromosome are more variable than others in both gene content and sequence polymorphism, and 
also that these regions may be associated with distance from the replication origins (Andersson et 
al., 2010; Flynn et al., 2010; Reno et al., 2009).  The evolutionary basis of this non-uniform 
distribution of variation is unknown, although several mechanisms have been proposed.  Here we 
demonstrate through comparative genomics that recombination-selection balance results in a 
mosaic of variation along the genome of S. islandicus. 
 
2.3 Results 
Mosaic of polymorphism throughout the S. islandicus genome 
Previously the genomes of twelve S. islandicus strains from a single hot spring in the 
Mutnovsky Volcano region of Kamchatka, Russia were sequenced.  It was found that while there 
is evidence for recombination between all strains within this population, ten of these comprised 
two species (Red and Blue) as defined by higher levels of gene flow within than between the two 
groups (Cadillo-Quiroz et al., 2012).  A whole genome alignment was constructed containing 
positions shared by these ten highly syntenic S. islandicus genomes and the outgroup genome of 
Sulfolobus solfataricus P2 (She et al., 2001).  After partitioning the alignment into 10Kb 
windows of sequence and removing poorly aligned windows (see methods) the dataset consists of 
216 bins containing 2.0Mb of core aligned nucleotides, with 8,094 single nucleotide 
polymorphisms (SNPs) among 10 S. islandicus strains and 201,941 SNPs distinguishing S. 
islandicus from S. solfataricus (She et al., 2001).  
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In order to look at the distribution of intra-population polymorphisms throughout the 
genome, levels of polymorphism were compared to a 95% range of values expected around the 
mean level of polymorphism (Figure 2.1).  Simulation of sequence data under neutral models 
with  constant mutation rate shows that values rarely deviate outside the 95% expected range and 
are not localized in the genome but are randomly distributed (Figure A.1).  In contrast, our 
genome analysis show that out of 216 windows, 25% (55) contain high levels of polymorphism 
and 50% (108) contain low levels of polymorphism.  Windows with high levels of polymorphism 
fall within the two previously described regions of variable gene content (Reno et al., 2009) while 
windows with low polymorphism are distributed throughout the genome, focused especially in 
regions that include the three origins of replication. Similar patterns were observed within the 
Red and Blue S. islandicus species when analyzed independently (Figure A.2). 
The observed variation in polymorphism across the genome could result from the 
interplay between three evolutionary mechanisms: i) variation in the rates at which mutations are 
introduced, ii) variation in selection, i.e. the level of functional constraint on proteins in different 
genomic regions, and iii) variation in rates of recombination across the chromosome either by 
introducing new variation or by unlinking polymorphisms.  We tested each of these hypotheses in 
turn by investigating their unique genomic signatures (Webster and Hurst, 2012). 
 
Variation in mutation rates is not the cause for the mosaic of polymorphism 
If variation in mutation along the chromosome were the cause of the observed mosaic, we 
would expect to see a positive correlation between within-population polymorphism and 
divergence from an outgroup species (Roselius et al., 2005).  Simulations of sequence data using 
multiple  mutation rates varying by genomic location support this expectation, showing a strongly 
significant positive correlation between divergence and polymorphism (p<2.2x10
-16
 , rho=0.54, 
Figure A.3).  We compared patterns of polymorphism among our ten S. islandicus strains to 
patterns of divergence between these strains and the genome of S. solfataricus (She et al., 2001).  
From 216 windows, 54% (116) had higher divergence and 31% (68) had lower divergence than 
the 95% range of values expected if the mutation rate was constant (Figure 2.2).  However, 
windows with low and high polymorphism did not coincide with windows of low and high 
divergence, and we found no correlation between levels of polymorphism and divergence per 
window (Spearman rank correlation: p=0.95, rho= -0.11).  These data show that variation in 
polymorphism across the genome is not explained by variation in mutation rates around the 
chromosome. 
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Variation in selection influences levels of polymorphism on a regional scale 
If the pattern of polymorphism is a reflection of variation in selection across the genome, 
we predict that purifying selection would be stronger in regions of low variation, while 
diversifying selection or relaxed purifying selection would allow for increased polymorphisms in 
other regions.   We note that if functional constraint were consistent between S. solfataricus and 
S. islandicus and variation in selection were the cause of variation in polymorphism we would 
expect to see a correlation between polymorphism and divergence above.  Since divergence and 
polymorphism are not correlated, it is unlikely that variation in selection is the sole driving force 
in defining the observed mosaic of polymorphism.    
Overall we find little evidence for diversifying selection between the Red and Blue 
species of S. islandicus (Cadillo-Quiroz et al. 2012).  Per-gene analyses with Tajima’s D and the 
McDonald-Kreitman test find few possible candidates for diversifying selection in these 
genomes, which cannot explain genome-wide patterns in the high polymorphism regions.  We 
therefore examined evidence of variation in the strength of purifying selection across the genome 
using dN/dS.  We predict that a positive correlation between the dN/dS ratio and polymorphism 
in genomic windows would indicate that genes in certain regions of the genome are under 
stronger purifying selection than others.   Signatures of selection among genomes within the 
population show no significant correlation between dN/dS and polymorphism levels (Table A.1), 
which could be due to limitations of using dN/dS over such short time scales (Kryazhimskiy and 
Plotkin, 2008; Rocha et al., 2006).Therefore we expanded dN/dS comparisons to those between 
S. islandicus and S. solfataricus to provide higher resolution and evidence of selection over 
longer time scales.  In this comparison we do find a significant correlation between dN/dS values 
and levels of polymorphism in 10Kb windows (Spearman rank correlation: p=1.4x10
-3
, rho=0.21, 
Figure 2.3). However, this correlation is highly dependent upon the current localization and 
linkage of genes, as the correlation is greatly reduced when genes are randomly permuted 
between windows (Table A.2). Consistent with this regional pattern, there is also a similar 
correlation between dN/dS values and levels of intergenic polymorphism (p=1.6x10
-3
, rho =0.20), 
supporting the observation that varying purifying selection may be influencing polymorphism on 
a regional scale within the genome.  This connection between selection and regional levels of 
polymorphism implies that linkage is a factor in how selection influences these genomes. 
  
Variation in recombination correlates with the mosaic of polymorphism 
The interaction of recombination and selection results in mosaics of polymorphism when 
recombination rates vary across the chromosome (Felsenstein, 1974).  Higher levels of 
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recombination allow for the efficient action of selection thereby targeting reductions of genetic 
polymorphism to the selected locus, whereas low levels of recombination subject neighboring 
polymorphisms to the effects of background selection or genetic hitchhiking.  To explore 
variation in the amount of recombination around the chromosome, 1,669 recombinant SNPs 
(homoplasies) were identified as having a conflicting phylogenetic topology to the core 
nucleotide tree (Figure 2.4).  This non-parametric method of investigating recombination 
measures recombination among the ten sequenced members of the population, and it is useful for 
analyzing closely related taxa that have had chances to exchange genes in their evolutionary 
history.  Recombination events appear to occur in a discontinuous fashion with short tracts 
(Figure 2.4).  This observation of multiple discontinuous short tracts interspersed with recipient 
genome sequence is consistent with previous studies of recombination through experimental 
transformation in Sulfolobus (Grogan and Rockwood, 2010).  Recombinant SNPs also do not 
show increased frequencies of polymorphisms within windows above local non-recombinant 
polymorphism levels, indicating that they are not inherently mutagenic or driving the 
polymorphism levels intrinsically (Wilcoxon sign-rank test, p=0.92, see methods).  
For each 10Kb window, the proportion of recombination was computed as the ratio of the 
number of recombinant SNPs to the total number of SNPs in order to normalize the influence of 
the local level of polymorphism on detection of recombination.  As shown in Figure 2.5, 
recombination is evident throughout much of the genome; however, the proportion of 
recombination varies considerably between regions, with regions of low recombination occurring 
in regions of low polymorphism.  The normalized number of recombinant SNPs shows a 
significant, positive correlation with levels of polymorphism (Spearman’s rank correlation: 
p=5.5x10
-6
, rho=0.29).  This distribution of recombination around the genome is supported by 
levels of recombination within the Red and Blue species individually, although there are far fewer 
such SNPs within each individual group (Spearman rank correlation: Red p=9.8x10
-13
, rho=0.47; 
Blue p=1.1x10
-7
, rho=0.39, Figure A.4).  An alternative measure of recombination that functions 
independently of polymorphism levels is the number of distinct phylogenetic incongruences from 
the core gene tree observed per window (also normalized by number of SNPs; Figure A.5).  This 
distribution also correlates significantly with the polymorphism levels (Spearman rank 
correlation: p=3.8x10
-8
, rho=0.36). 
There are large zones of the genome where no recombinant SNPs are present (Figure 
2.6).  We quantitatively defined low recombination zones (LRZs) as statistically significant 
stretches of sequence that lack recombinant SNPs.  In total, 35 LRZs were identified ranging in 
size from 2,738bp to 281,301bp with a median of 17,343bp.  All three origins of replication fall 
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within LRZs, with oriC3 and oriC1 in low polymorphism zones of size 109,799bp and 117,463bp 
respectively and oriC2 located in a smaller average polymorphism zone of size 8,894bp.  The 
three largest LRZs in the genome either contain, or fall within 50Kb of an origin of replication 
(Figure 2.6).   The majority of the remaining LRZs contain lower levels of polymorphism than the 
rest of the genome, and there is a strong negative correlation between levels of polymorphism and 
LRZ size (Spearman rank correlation, p=9.9x10
-7
, rho=-0.73).  These data are consistent with a 
model of background selection, because larger LRZs have more potential for deleterious 
mutations to remove linked polymorphism from the population.   
Not all of the LRZs contain low polymorphism; 13 have polymorphism levels that are 
significantly higher than the rest of the genome.  All but one of these are located near highly 
recombining regions of the genome.  Interestingly, six of these high polymorphism LRZs show 
significant levels of linkage disequilibrium (Table A.3).  This suggests that these LRZs may result 
from the recent and rare import of a divergent allele from outside of the population included in 
this study, which would result in the introduction of polymorphism, but not detectable 
recombinant SNPs (Didelot et al., 2010; Flynn et al., 2010).  An analysis of all high 
polymorphism windows detects significant evidence of linkage disequilibrium in 36% of 
windows.  This suggests that higher recombination in these regions may introduce variation as 
well as preserve it through recombination-selection balance. 
 
2.4 Discussion 
Recombination-selection balance describes the degree to which selection on one position 
removes linked neutral polymorphisms balanced against the action of recombination to unlink 
neutral polymorphism and preserve diversity.  Regions of low recombination are expected to 
sustain drops in polymorphism due to background selection or genetic hitchhiking on large linked 
regions of the genome, although these two types of selection are difficult to distinguish 
(Andolfatto, 2001; Innan and Stephan, 2003).  Studies in sexual eukaryotes, especially in 
Drosophila spp. have shown a correlation between recombination rates and genetic diversity 
throughout the genome (Begun and Aquadro, 1992; McGaugh et al., 2012) causing a difference 
in polymorphism of approximately one order of magnitude.   
Similarly, we show that the influence of recombination varies across the chromosome in 
Sulfolobus islandicus. This variation in recombination is correlated with variation in levels of 
polymorphism, and on a similar scale as that seen in Drosophila.   Reduced polymorphism in 
regions of low recombination combined with a regional correlation between dN/dS values and 
both genic and intergenic polymorphism suggest that purifying selection is removing variation 
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through background selection.  The discontinuous pattern of recombination (Figure 2.4) found 
throughout the genome and demonstrated by others experimentally (Grogan and Rockwood, 
2010) suggests that these regions of low recombination are not due to long recombination tracts 
as observed in other systems (DeMaere et al., 2013; Naor et al., 2012), but rather chromosome 
architecture decreases recombination on a regional scale, particularly around the three origins of 
replication.  It is not clear why there is decreased recombination around the origins of replication 
in S. islandicus.  Andersson et al. propose an intriguing hypothesis that recombination-based 
repair between newly replicated, identical sister chromosomes at the origins of replication result 
in decreased levels of polymorphism (Andersson et al., 2010).  This is based on observed 
hemicatenanes that occur at origin regions (Robinson et al., 2007), and the fact that Sulfolobus 
cells spend approximately 65% of their cell cycle in this extended G2-phase, where the newly 
replicated chromosomes are not yet segregated (Bernander, 2007).  This recombinational repair 
based mutational bias predicts a positive linear correlation between polymorphism and 
divergence under neutrality, which is not supported by our data.  However, if interacting newly 
replicated sister chromosomes excluded recombination with foreign DNA this could explain why 
recombination observed in this study is reduced around the three replication origins in Sulfolobus. 
Previous studies of S. islandicus have identified a mosaic of polymorphism across the genomes of 
more divergent and non-sympatric sequenced strains (Andersson et al., 2010; Flynn et al., 2010).  
These studies suggested several hypotheses based on mutational biases or selective constraints.  
We show here that mutational biases are unlikely to explain the observed patterns via the 
comparisons between S. islandicus and S. solfataricus.  We did find that selection plays a role in 
the relative levels of diversity among regions, but its effect acts through recombination to create 
regional patterns rather than solely on individual genes themselves.  
In addition, it was suggested that, in regions distal to the origins, variation may be 
introduced by recombination with divergent alleles (Flynn et al., 2010).  We did identify two 
examples where we observe the import of highly divergent alleles at both the CRISPR loci (Held 
et al., 2013) and the S-layer locus (Cadillo-Quiroz et al. 2012) in some members of this 
population.  However, these two outliers are the only ones in which variation is greater than ten-
fold the average across the genome.  Our finding of some evidence of linkage disequilibrium in 
highly polymorphic regions suggests that variation may also be introduced into the genome from 
divergent taxa outside of our population.  This appears to be localized in highly recombining 
regions of the genome, providing another mechanism through which recombination influences the 
architecture of divergence in these organisms.  These regions may be particularly interesting in 
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understanding divergence between the two species of S. islandicus found in this hot spring, since 
half of these divergent alleles are fixed between the species (Cadillo-Quiroz et al. 2012).  
In S. islandicus, as in other archaea, core genes involved in essential housekeeping 
functions are co-localized near the origins of replication that we have shown to have low 
polymorphism and low recombination (Andersson et al., 2010; Flynn et al., 2010; Pelve et al., 
2012), while transiently useful, strongly selected genes such as those in immunity and viral 
resistance are co-localized in more variable regions with higher recombination (Held et al., 2013; 
Reno et al., 2009).   The data reported here indicate the evolutionary mechanism that is shaping 
this genome architecture may be variation in recombination.  Since it is advantageous to have 
genes under strong selection in regions of high recombination where selection is more efficient, 
this genome organization may be selected for over time. 
 This study presents a population level analysis of the genomic architecture of divergence 
in archaea.  Although Sulfolobus, like bacteria and other archaea, do not reproduce sexually, 
recombination is frequent enough to create a discontinuous signature of interacting evolutionary 
forces in the genome.  Future work integrating well known molecular mechanisms of 
recombination, mutation and replication with patterns of natural variation driven by selection, 
migration and genetic drift will provide insights into the factors that define the topology of 
divergence and the genetic basis of adaptation and speciation in asexual, but recombining 
microorganisms. 
 
2.5 Methods 
Identification of polymorphism and divergence 
Ten strains of S. islandicus were isolated from the M.16 acidic hot spring in Kamchatka, 
Russia, in the year 2000. Genomes were sequenced, assembled, and used to construct a clonal 
phylogeny previously (Cadillo-Quiroz et al. 2012).  The genome sequences were aligned along 
with Sulfolobus solfataricus P2 using Mauve v.2.3.1 (Darling et al., 2010).  Single nucleotide 
polymorphisms obtained from core locally collinear blocks (LCBs) in the alignment were used to 
calculate the number of polymorphisms in 10Kb windows.  LCBs that contained a bias of SNP 
density toward the edge of the alignment could have been the result of alignment artifacts. 
Therefore, such blocks were analyzed and SNPs that were contained in regions of poor alignment 
were discarded (Table A.4).  The 10Kb window size was chosen to obtain the highest possible 
resolution of genomic regions without the window size becoming so small that windows with no 
polymorphisms occurred.  Windows that contained alignment gaps totaling greater than 5Kb were 
not analyzed.  Windows of size 5Kb and 50Kb were analyzed as well and resulted in similar 
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patterns that do not alter conclusions.  Estimates of 95% expected intervals are based on binomial 
distributions using the polymorphism data itself.  Any SNPs in which S. solfataricus did not share 
a nucleotide with any of the ten S. islandicus strains for that position were assigned as divergent 
between S. solfataricus and S. islandicus.  Correction for back-mutation was performed 
independently on each window for the non-divergent SNPs using the rate estimated for that 
window based on divergent SNPs, and this does not alter ranking of windows or Spearman rank 
correlation analysis.  In addition, two windows of exceptionally high polymorphism containing 
parts of the CRISPR-Cas system and the S-layer gene locus, respectively, were removed to focus 
on the core, intra-population dynamics. The first is an extreme outlier with 31% of sites being 
polymorphic and 99% being recombinant, likely arising from horizontal gene transfer from 
outside the population and described in (Held et al. 2013).  Its omission does not affect 
conclusions of the study.  The S-layer gene is another outlier with high levels of polymorphism 
and likely horizontal gene transfer and it is described in (Cadillo-Quiroz et al. 2012). 
 
Tests of selection 
dN/dS ratios were calculated for protein-coding genes using SNAP (Korber 2000), 
comparing M.16.27 and M.16.4 to the outgroup S. solfataricus. These two S. islandicus represent 
70% of the diversity within the population, and using only these two accounts for 99% of the 
divergence between S. islandicus and S. solfataricus.  The MK test was performed for genes 
using both fixed and polymorphic sites using the non-synonymous or synonymous substitution 
determined by direct analysis of individual codons from the whole genome alignment (McDonald 
and Kreitman, 1991). G-test values greater than 15.5 were considered statistically significant at 
p<8.2x10
-5
, based on a Bonferroni correction for the number of genes tested that contained 
synonymous and non-synonymous polymorphisms (606 genes, p<0.05).  Tajima’s D was 
calculated per-gene as described in (Tajima, 1989). 
 
Inference of recombination 
SNPs were compared to a clonal phylogeny generated in (Cadillo-Quiroz et al. 2012). 
SNPs that did not fit one of the 18 possible configurations indicative of a single mutation on a 
single branch of the tree were homoplasies, called recombinant SNPs.  Although a small subset of 
recombinant SNPs may result from multiple mutations at the same position, it is estimated that 
based on the total number of SNPs and the core genome size, multiple mutations can only explain 
11 of the 1,669 recombinant SNPs (0.7%) (Smith and Smith, 1998).  The bi-allelic nature of 
99.8% of the SNPs confirms the rarity of multiple mutations at a single site.  Unique recombinant 
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topologies were calculated in 10Kb windows by counting all the unique polymorphism patterns 
of the recombinant SNPs in a window. 
 
Low recombination zones 
21% of all SNPs in the S. islandicus genome are identified as recombinant. Based on this 
ratio, and assuming a null model of a constant rate of recombination across the genome, we 
estimate that we would observe >30 non-recombinant SNPs in a row by chance with a probability 
of <0.001 (0.79
30
). Therefore we identified LRZs as stretches of the genome that contained >30 
consecutive non-recombinant SNPs.  Levels of polymorphism within LRZs were calculated as the 
number of non-recombinant polymorphisms contained divided by the core genome length of the 
LRZ. 
 
Linkage disequilibrium and Kelly’s ZnS 
Linkage disequilibrium was calculated using Kelly’s ZnS, described in (Kelly, 1997). 
Briefly, linkage disequilibrium is calculated pairwise for all sites in a given set (LRZ), and the 
mean of these values in the ZnS metric. This value is then compared to a table that yields the 
significance of these values based on ZnS values resulting from simulated data for the same 
sample size and number of polymorphisms analyzed.   These simulations were generated using 
MS and Seq-Gen incorporating the population structure between the ‘red’ and ‘blue’ groups 
described in (Cadillo-Quiroz et al. 2012).  Linkage disequilibrium analysis of LRZs was 
performed using DNAsp v.5.10.1 to calculate Kelly’s ZnS. LRZs with linkage disequilibrium were 
analyzed for the most common polymorphism pattern for the SNPs within the LRZ, and fixed 
zones were identified as those for which the most common polymorphism was segregated 
between two sympatric species as described in (Cadillo-Quiroz et al. 2012). 
 
Statistical analyses 
Spearman’s rank correlations and Wilcoxon sign-rank tests were performed using R 
v.2.13.2 in Rstudio v.0.96.331 using the stats package (Wickham 2009). 95% expected ranges for 
polymorphism, divergence, and recombination were determined according to the range for a 
binomial distribution based on the mean levels observed in the polymorphism data.  Levels of 
recombinant polymorphisms were compared to levels of non-recombinant polymorphisms by a 
Wilcoxon sign-rank test using paired data for recombinant and non-recombinant SNPs in all 1Kb 
windows that contained at least one recombinant SNP.  This test determines if recombination 
inherently drives the polymorphism level by mechanisms such as mutagenic recombination. 
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Simulations 
Simulations of sequence data were performed using a combination of MS and Seq-Gen as 
described in the MS user manual (Hudson, 2002; Rambaut and Grassly, 1997). Simulations 
utilized 11 samples, with 1 representing the outgroup using the population structure feature of 
MS, using the following parameters: -T (tree output for seq-gen), -I 2 1 10 (set population 
structure), -ej 30 1 2 (populations split to approximate divergence).  Mutation rates were used in 
seq-gen that resulted in values that approximated mean levels of polymorphism and divergence in 
the natural population via the parameters: -mHKY (default model of substitution), -l (length of 
window), -s (substitution rate).  Substitution rates in the simulations involving variable 
substitution rates were 0.001, 0.002, and 0.003, while 0.0018 was selected for constant 
substitution rate simulations.  
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2.7 Figures and Tables 
 
 
Figure 2.1 - Polymorphisms are unevenly distributed throughout the genome. Polymorphisms in 
10-kb windows were plotted along the genome coordinates of M.16.27. Horizontal gray lines 
indicate the upper and lower bounds of a 95% range of the expected polymorphism level under 
constant neutral accumulation of polymorphisms. Blue and red dots indicate values above and 
below this interval, respectively. Points in green fall within the confidence interval of the mean. 
Orange squares represent the positions of the three origins of replication. Empty windows contain 
greater than 5 kb of gaps in the core alignment and are therefore not analyzed. 
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Figure 2.2 - Divergence between Sulfolobus islandicus and S. solfataricus. Divergence was 
calculated for 10-kb windows as counts of nucleotides in S. solfataricus with no match in S. 
islandicus. Horizontal gray lines indicate the 95% range of the expected divergence level if the 
mutation rate were constant throughout the genome. Blue and red dots indicate values above and 
below this interval, respectively. Points in green fall within the confidence interval of the mean. 
Orange squares indicate origins of replication. Empty windows contain greater than 5 kb of gaps 
in the core alignment and are therefore not analyzed. 
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Figure 2.3 - Variation in genome-wide selection. Mean pairwise dN/dS ratios shown for protein-
coding genes in 10-kb windows between Sulfolobus islandicus and S. solfataricus. Horizontal 
dotted line indicates the upper bound of the 95% confidence interval of the mean for a normal 
distribution of dN/dS values. Orange squares indicate origins of replication. Empty windows 
either lack sufficient core sites for analysis or genes containing variation. 
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Figure 2.4 - Identification of recombinant SNPs. A small illustrative sample of SNP data from the 
genome alignment. Genome positions of SNPs in M.16.27 are listed at the top. The phylogenetic 
tree on the left corresponds to the topology of the clonal genealogy constructed using 
ClonalFrame data (Cadillo-Quiroz et al., 2012). Recombination events between the “red” strains 
and M.16.46 are apparent in the data, as is the discontinuity of the relationship over the length of 
the sequence. 
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Figure 2.5 - Recombination varies throughout the Sulfolobus islandicus genome. The ratio of 
recombinant SNPs to total SNPs in 10 kb windows was plotted along the genome coordinates of 
M.16.27. Gray horizontal lines indicate the 95% expected range of the recombinant SNP 
proportion based on constant recombination rate and varying number of present polymorphisms 
depending on the window. The interval varies widely due to its dependence on the variable 
number of polymorphisms within each window. Blue dots and red dots indicate values above and 
below the 95% expected range, respectively. Green points fall within the confidence interval of 
the mean. Windows with no recombinant SNPs that fall within the interval are not shown for 
clarity. Orange squares indicate origins of replication. Windows with greater than 5 kb of gaps in 
the alignment were not analyzed and are left empty. 
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Figure 2.6 - Low recombination zones throughout the genome. LRZs were plotted as tiles on the 
genome coordinates of M.16.27 on the outermost ring. Orange tiles correspond to LRZs with 
elevated levels of polymorphism, and gray tiles correspond to LRZs with low levels of 
polymorphism. The next ring shows levels of recombination (green) as determined by the number 
of recombinant SNPs divided by total polymorphic sites in 10-kb windows. The next ring shows 
levels of polymorphism (blue) as number of polymorphic sites per total core nucleotide positions 
in 10-kb windows. Gray wedges indicate windows with greater than 5 kb of gaps in the alignment 
and were not analyzed. Figure generated using Circos (Krzywinski et al., 2009). 
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2.8 Addendum 
The same patterns were investigated using an expanded genomic dataset of 35 additional 
genomes sampled over varying time and space from the same large Mutnovsky Volcano 
population (see Chapter 4). Adding these strains generally does not change the patterns of high 
and low regional levels of polymorphism, divergence, or selection. However, the inclusion of 
many more taxa offers greatly increased resolution of recombination events. Although it is still 
difficult to accurately assess the rates of recombination at any given location using these data, the 
end result is that recombination does occur throughout the LRZs, just not between the 
aforementioned ‘red’ and ‘blue’ strains. Instead, the additional 35 genomes reveal many red-blue 
‘hybrid’ strains that contain DNA from both groups. None of these hybrid strains are found in the 
current sampling depth of the M.16 spring, but rather in other springs and time-points. These 
hybrids were tested against the notion that, although there is rampant recombination in the 
originally called LRZs, recombination in the LRZs only occurs when it maintains linkage 
disequilibrium among non-synonymous SNPs. That is, mixing alleles that encode for slightly 
different proteins that are generally fixed between red and blue may be unfavorable and not 
detected in the dataset. On the contrary, linkage disequilibrium among non-synonymous SNPs is 
not found in the LRZs for the 10 genome or 45 genome datasets, with the exception of the 
integrated conjugative plasmid, which maintains significantly high levels of linkage 
disequilibrium at both genome numbers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 44 
 
Chapter 3 
Genome-Wide Recombination Rates Calculated From Deeply Sequenced Colony Pools of 
Sulfolobus islandicus
4
 
 
3.1 Abstract 
Recombination is a fundamental aspect of all domains of life; crucial to the maintenance 
of chromosomal stability through the repair of double-strand breaks, but also capable of 
interacting with inter-cellular genetic exchange to stably incorporate foreign genetic information. 
How recombination rates vary throughout the genomes of organisms carries broad implications 
from modulating the effect of selection on genomic diversity to the spread of antibiotic resistance 
genes. Through population genetics-based tools, recombination rates can be estimated from 
patterns of natural genetic diversity; however, with the use of high-throughput genome 
sequencing, it is now possible to calculate recombination rates in natural populations as well as to 
obtain high-resolution values in the laboratory. Here we cross two genetically distinct (0.4%) 
sympatric strains of S. islandicus and select for recombinants in the laboratory to remove 
demographic effects. In order to test for recombination rate variation across the chromosome of S. 
islandicus, we quantify recombination breakpoints occurring at neutral chromosomal markers as 
identified in next generation genomic sequence data. We focus on three datasets that provide 
different, but corroborating information: i) individual colony sequences, ii) large colony pools of 
strains sorted by background genotype, and iii) large colony pools of combined background 
genotypes. In each dataset we apply a newly designed and optimized computational tool called 
MARBL (Multiply Anchored Recombination Breakpoint Locator) for quantifying breakpoints 
and testing their statistical significance relative to sources of error introduced by sequencing 
technology. By combining the results of each dataset we determine the relatively short tract 
recombination preference in this organism and discuss its implications for mechanisms of 
recombination. We demonstrate uniform rates of recombination throughout the chromosome, 
which differ from previous studies of natural variation and discuss this in light of previous data 
suggesting speciation occurs through selection against inter-species hybrids in the natural 
population. 
 
                                 
4
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David J. Krause, Dr. Changyi Zhang, and Dr. Rachel J. Whitaker analyzed the data. David J. 
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3.2 Introduction 
Recombination is a fundamental aspect of all domains of life, crucial to the maintenance 
of chromosomal stability through the repair of double-strand breaks, but also capable of 
interacting with inter-cellular genetic exchange to stably incorporate foreign genetic information. 
How recombination rates vary throughout the genomes of organisms carries broad implications 
from modulating the effects of selection on genomic diversity to the spread of antibiotic 
resistance genes and other adaptive traits. Through the usage of population genetics-based tools, 
recombination rates can be estimated from patterns of natural genetic diversity. Such studies have 
yielded tremendous insight into recombination rate variation in eukaryotes, and the interest in 
studying genome-wide rates of recombination in bacteria and archaea is growing. However, such 
studies view the results of historical recombination events through the lens of environmental 
selection. 
Using natural sequence diversity in combination with standard DNA exchange protocols 
and selectable markers in the laboratory setting has yielded a common strategy for studying 
genome-wide recombination in all domains of life, in the absence of environmental selection. For 
eukaryotes, this type of analysis can be performed by analyzing products of meiosis, rather than 
the progeny from successful fertilization events, which has been done in humans, flies, and yeast 
(Mancera et al., 2008; Miller et al., 2016; Wang et al., 2012). In bacteria and archaea, genetically 
diverse strains are crossed and recombinant progeny are recovered using selectable markers 
(Croucher et al., 2012; Gray et al., 2013; Mell et al., 2014; Naor et al., 2012; Zhang et al., 
2013a). Such an analysis can be used to identify mechanistic aspects of the recombination system, 
and discrepancies between population-derived estimates and laboratory-derived estimates can 
shed light on the otherwise invisible effects of environmental selection. 
Due to the non-meiotic nature of genetic exchange in bacteria and archaea, where entire 
genomes are seldom within the same cell, the process is often compared to gene conversion in 
eukaryotes (Didelot et al., 2010; McVean et al., 2002). Studies of sexual eukaryotes find that 
gene conversion tracts are generally short: 1-2Kb in yeast (Judd and Petes, 1988), 400bp-1.5Kb in 
fruit flies (Comeron et al., 2012), and shorter than 1Kb in humans (Chen et al., 2007; 
Padhukasahasram and Rannala, 2013). This skewed distribution is often used to mark a 
distinction in the mechanistically distinct non-crossover pathways of shorter gene conversions 
and generally longer double crossover events (Chen et al., 2007). Tract length calculations 
derived from natural population-based as well as laboratory-based analyses in the b-acteria and 
archaea similarly trend toward shorter lengths, with Helicobacter pylori at 800-1,700bp (Morelli 
et al., 2010), Escherichia coli at 50-3,000bp (Didelot et al., 2012; Dixit et al., 2015; Touchon et 
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al., 2009), and Sulfolobus acidocaldarius with a mean 161bp (Grogan and Rockwood, 2010), 
although these could be confounded by diverse gene transfer mechanisms. 
Conjugation-based mechanisms in Streptococcus agalactiae (Brochet et al., 2008) and 
Mycobacterium smegmatis (Gray et al., 2013) identified recombination events that mobilized 
multiple genomic regions with highly variable recombination tract sizes. Transformation-based 
mechanisms in Haemophilus influenzae (Mell et al., 2011, 2014) and Streptococcus pneumoniae 
(Croucher et al., 2012) have been shown to incorporate donor DNA genome-wide as well, 
providing estimates of individual DNA lengths utilized during transformation. Another similar 
study using a less well understood mechanism of transfer in members of the archaeal genus 
Haloferax (Naor et al., 2012) showed recombination between divergent species in very long 
chromosomal segments. Given the range of taxonomic diversity to which this approach has been 
applied, such a technique could be utilized in any organism which can be genetically manipulated 
in the lab and contains sufficient natural genetic diversity.  
For the archaeon Sulfolobus islandicus, genetic markers have been constructed that allow 
for the crossing of a ΔpyrEFΔargD mutant with a wild-type strain followed by selection and 
subsequent sequencing of recombinant colonies (Zhang et al., 2013a, 2013b). Although the 
precise mechanism of DNA transfer is not known, the exchange of genetic markers can be 
observed in S. islandicus as well as a related species S. acidocaldarius (Grogan, 1996; Zhang et 
al., 2013a). Cells likely exchange DNA via a process mediated by physical contact, suggested by 
increases in cellular aggregation and gene transfer following exposure to UV-irradiation or DNA-
damaging agents (Ajon et al., 2011; Fröls et al., 2008; Zhang et al., 2013b). Recently, proteins 
involved in DNA transport between cells have been identified, giving some insight into DNA 
transport mechanisms in these archaea (Wolferen et al., 2016). The mechanism of subsequent 
recombination is also a matter of debate between canonical homologous recombination or 
alternative pathways similar to the lambda red recombination mechanism (Grogan and Stengel, 
2008; White, 2011). 
It was previously found that recombination rates inferred from a single natural population 
of S. islandicus varied throughout the genome, with several large genomic segments exhibiting 
low levels of recombination (Chapter 2; Krause et al., 2014). The variation in these rates could be 
either a feature of the genetic transfer and recombination in this organism, or the result of 
selection against inter-species hybrids that form when recombination occurs in these regions. To 
test for the presence of inherent recombination rate variation across the S. islandicus 
chromosome, we chose the strains M.16.04 and M.16.27, which belong to two sympatric, 
divergent clades of S. islandicus, as determined by genomic inferences of recombination rates in 
 47 
 
nature (Cadillo-Quiroz et al., 2012). They contain in excess of 7,000 single-nucleotide 
polymorphisms throughout the core genome, with a mean genetic distance of 0.4%. By 
performing genetic crosses of these two strains and selecting recombinant colonies, any viable 
combinations of markers can be obtained without direct competition between genotypes that may 
exist in the natural environment.  
 
3.3 Results 
Sequencing of individual recombinant colonies reveals genome-wide recombination and short 
tract recombination 
 By crossing M.16.27 and RJW004 followed by isolating individual colonies, precise 
information about each recombination event can be determined from the whole genome 
sequences via the detection of donor-specific polymorphisms. As a feature of the experimental 
design, recombination always occurs at the selected marker, and this is indicated by the 
incorporation of donor polymorphisms directly surrounding the pyrEF deletion or argD gene for 
the M.16.27 and RJW004 background genotypes respectively (Figure 3.1; Figure B.1). To 
generate recombinants in the M.16.27 background, cells must incorporate a 1.2Kb deletion of the 
pyrEF genes, while generating recombinants in the RJW004 background requires the 
incorporation of an approximately 300bp functional argD ORF. The two differ significantly in 
their incorporation patterns, with the pyrEF deletion being incorporated in long tracts (mean = 
36,000bp; median = 34,000bp; Figure 3.2a) and the argD locus being incorporated in much 
smaller tracts (mean = 11,000bp; median = 5,100bp; Figure 3.2c). Half of the argD-incorporating 
colonies only show integration of the marker gene without any surrounding genetic variation, 
indicating that these kinds of tracts may be much shorter than the local SNP density-dependent 
resolution of 5Kb tracts. 
 Neutral recombination events are skewed toward short tracts as well (mean = 15,000bp; 
median = 3,500bp; Figure 3.2). Given that the mean spacing between polymorphisms is 300bp, 
short tract recombination can often go undetected as it may not contain a polymorphic position. 
The likelihood of detection for tracts starting at any genomic position was determined for various 
tract lengths (Figure B.2). While tracts longer than about 7Kb are detected at a 95% or greater 
rate, tracts as short as 500bp may be underestimated 2-fold, with shorter tracts of approximately 
35bp being more than 10-fold underestimated. By applying this detection-limitation correction to 
the tract distribution, it is estimated that the true mean number of neutral tracts per colony is not 
the calculated 1.4, but 2.8, with a stronger skew toward short tracts (weighted mean = 7,300bp). 
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Although there is an observed skew toward short tracts, simulations show that long tracts in the 
dataset are real, and not comprised of multiple short tracts. 
 
Single background-genotype pools identify recombination at the marker and in integrated 
plasmids 
 Colonies from three independent replicate cross experiments were pooled after X-gal 
staining according to inferred background genotype (blue = M.16.27, white = RJW004) to 
generate six pools for sequencing. Recombination frequencies were measured at each 
polymorphic position as the frequency of the donor base call in the sequence alignments. At the 
selected marker all pools show a characteristic distance-dependent dropoff in donor SNP 
incorporation rate away from the marker locus, as well as a characteristic spike in recombination 
within the integrated plasmid. (Figure 3.3).  
 Information about genome-wide recombination rates is limited by low-level 
‘background’ rates of donor SNP calls. Recombination at the lacS locus is evident in the W1 pool 
as a dip in donor SNP frequency around 2.3Mb on the chromosome (Figure 3.3). Recombination 
at this locus causes the background genotype to not match the colony color, thereby increasing 
the background noise. This, when added to potential issues such as contamination during colony 
staining and picking and sequencing error, may explain the low level of donor SNP frequencies 
detected genome-wide. 
 
Multiply-anchored recombination breakpoint logging identifies genome-wide recombination 
rates 
 Since neither sequencing individual colonies nor sequencing colony pools separated by 
colony background-genotype resolves recombination rates around the chromosome, a method 
was developed to calculate these rates. MARBL is a computational method that combines the 
high-throughput aspects of colony pooling and deep sequencing with a recombination breakpoint 
identification technique that eliminates the background problems associated with staining 
colonies and sequencing error (Figure 3.4). MARBL calculates a per-base-pair recombination rate 
by dividing the number of recombination events by the number of tests at any position. This 
yields a rate with precision level based on the amount of coverage and the length over which the 
recombination event occurs. 
 MARBL was validated using three independent methods. First, as a negative control, 
MARBL does not detect recombination in deep sequencing results of M.16.27 or RJW004 
genomic DNA. Second, as a positive control, the ability to detect recombination was confirmed 
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by analyzing mock recombinant reads, with the removal of any sites that failed to identify the 
recombination breakpoints with total certainty (Figure B.3). Another positive control was the 
ability to detect recombination at the proper levels surrounding the selected markers in colony 
pools. The individual colony sequencing effort demonstrates the distance-dependent decline in 
donor polymorphism incorporation moving away from the selected marker (Figure B.4). 
Over these distances on either side of each marker, MARBL was used to calculate recombination 
and weighted linear regression was used to identify variation in recombination rate by the marker, 
followed by integration over the range of positions surrounding the marker (Table B.2; Figure 
B.1). For the seven colony pools, calculated recombination breakpoints do not differ significantly 
from expected values on either side of the pyrEF marker (Chi-squared goodness of fit: 
pyrEF_distal, χ2=1.8, df=3, p=0.61; pyrEF/argD_proximal, χ 2=3.4, df=6, p=0.76), but the distal 
side of argD contains significantly more recombination breakpoints than expected, including 
breakpoints in pools that did not undergo selection for recombination in this region (argD_distal, 
χ 2=98, df=3, p<1x10-5). This region may contain some kind of recombination hotspot. 
 MARBL was applied to the results of a single lane of HiSeq from an 18,767-colony pool 
(Figure 3.5). Given that this colony pool is a mixture of the two background genotypes, there 
exists the chance that PCR chimeras or other sequencing-related errors could create false 
recombination breakpoints in the sequence data. This rate was directly calculated using a mixture 
of RJW004 and M.16.27 genomic DNA and put through the same library preparation and 
sequencing protocols. This analysis yields a false positive recombination breakpoint rate of 7% 
(Figure B.5). After subtracting this false positive rate for the 18,767-colony pool and correcting 
for the pyrEF spontaneous mutation rate in all pools, the mean recombination rate for the colony 
pools was calculated at 2.9x 10
-6
 bp
-1 
± 8.4 x 10
-7 
bp
-1
 (1 S.D., N=7; Table 3.2). All of the pools 
fall within the 99% confidence interval of the mean, while the false positive control sample has a 
recombination rate that falls 3.2 standard deviations below the mean. Because the six smaller 
pools have a low level of coverage from which MARBL only detects 7-144 breakpoints per pool, 
these offer little value in investigating regional variation in recombination rates (Figure B.6). 
Therefore, only the 18,767-colony pool, with its 2,034 breakpoints, was analyzed for genome-
wide variation in recombination rates.  
 Recombination rates were not found to show statistically significant variation around the 
chromosome according to Mantel tests for spatial auto-correlation between recombination rate 
differences and positional distances among measurement sites, k-means clustering to determine if 
outlier data-points are clustered in particular genomic locations, and ANOVA of binned 
recombination rates at various bin sizes (see Methods). Given that genome-wide recombination 
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rates can be assumed to be uniform, the mean calculated rate of 2.9x10
-6
 bp
-1
 should yield 
approximately 8 recombination breakpoints per colony over the 2.69Mb chromosome, while the 
individual colony experiments resulted in a calculation of 5.6 recombination breakpoints per 
colony. The difference in rates could be explained by two possibilities: i) an even further bias 
toward short tract recombination has caused a reduction in the number of identified tracts in the 
individual colony sequences with a mean of 400-450bp or ii) the results of the MARBL 
experiment are due to extrapolation of a subset of the genome and therefore the difference 
between the two rates is not statistically significant.  
 
3.4 Discussion 
We have described a method for identifying recombination breakpoints in deeply 
sequenced recombinant colony pools by utilizing reads that contain multiple polymorphisms 
between the two genotypes. The method was validated and calibrated on multiple independent 
sequenced samples as well as simulated datasets. Estimated genome-wide recombination rates did 
not vary significantly between two deeply sequenced colony pools and five less deeply sequenced 
pools, and these values were significantly higher than non-recombinant DNA controls. Although 
there was no obvious regional variation in recombination rate throughout the genome, subtle 
variation could be identified via the additive property of recombination by analyzing reads that 
spanned multiple sites. By combining the calculated genome-wide recombination rates from the 
seven pools with the individual colony sequencing of 36 recombinant colonies, it was inferred 
that recombination tract lengths of a mean 400-450bp combined with the SNP spacing in the 
utilized genomes could explain the disparity between the recombination rates from the two 
different approaches. 
The finding that recombination tract lengths are short, on the order of 400-450bp is very 
distinct from the long tracts identified from the conjugation-based mechanisms in S. agalactiae 
and M. smegmatis (Brochet et al., 2008; Gray et al., 2013). Instead, the short tract lengths are 
more in line with observations from transformations, or estimates from H. pylori population data 
(Croucher et al., 2012; Mell et al., 2014; Morelli et al., 2010). It is difficult to determine whether 
the mechanisms of gene transfer, or the subsequent recombination machinery are responsible for 
variations in parameters such as tract length, therefore it is not possible from the current 
experiment to infer much about the mechanisms of recombination in S. islandicus. Short tract 
lengths have been previously observed in recombination experiments in S. acidocaldarius, and 
such short tract lengths and other parameters have been compared to the lambda red 
recombination system in this organism (Grogan and Rockwood, 2010; Grogan and Stengel, 2008; 
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Hansen et al., 2005). The indirectly-calculated mean tract length is also much shorter than that 
measured directly from individual colonies. One reason for this is that direct calculations are 
skewed by the distance between polymorphisms. Also, the discontinuous nature of recombination 
in S. acidocaldarius implies that, while recombination can occur over long stretches of DNA, the 
machinery may switch frequently between genotypes over short distances (Grogan and 
Rockwood, 2010). 
This indirect calculation of tract length also reveals that recombination may occur via 
multiple mechanisms. There is a stark contrast in the distribution of tract lengths between very 
long incorporations and much shorter ones (Figure 3.2). While the long tracts will almost always 
be detected due to encompassing many SNPs, shorter tracts may go unnoticed. If tracts were 
shorter than the distance between two SNPs, MARBL would be unable to confidently detect 
recombination events, since it requires multiple SNPs on either side of an event. The median 
distance between SNPs in these genomes is 100bp, and 79% of adjacent SNP combinations are 
within 400bp of each other, making it possible for them to fall on an individual mean tract length. 
However, it should be noted that the indirect tract length calculation is based only on per-site 
rates inferred from MARBL. Although tracts need to be longer than the distance between SNPs to 
be identified, this has no bearing on the downstream calculations. 
Surprisingly, there is little variation in regional recombination rates, with the exception of 
increased recombination in a somewhat conserved integrated plasmid. This is in contrast with the 
finding in a natural population of S. islandicus, from which these strains are derived, wherein 
recombination was reduced in large regions of the chromosome deemed low recombination zones 
or LRZs (Krause et al., 2014). Recombination rates within the LRZs in the 18,767-colony pool 
are not significantly different from the calculated genome-wide recombination rate: 
approximately 2.7 ± 2.1 x 10
-6
 bp-1 (95% C.I., unadjusted weighted mean).  Such a contrast 
between population studies and laboratory measurements implies some role for environmental 
selection.  In humans, a single-cell sequencing effort revealed that recombination rates in sperm 
matched recombination rates inferred from population genetics studies (Wang et al., 2012). Also, 
similar experiments have been done in flies (Miller et al., 2016), as well as in yeast (Mancera et 
al., 2008). If natural selection acts on recombinants, the favoring or purging of particular 
recombination events should cause population-level inferences to differ from rates calculated in 
the absence of selection, such as laboratory-calculated rates using markers or sampling of 
gametes. 
Since there is clearly no mechanistic barrier nor strong deleterious effect of 
recombination in this region, the difference between these two studies could be the result of either 
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sampling bias, or weak selection against inter-species hybrids in these regions of the 
chromosome. Further work, including sequencing more genomes from the M.16 population or 
systematically testing the fitness of recombinants in the LRZs would help to determine the 
difference between these two possibilities. 
While a single lane of Illumina MiSeq or HiSeq can currently accommodate only 96 
samples, thousands of colonies can be pooled into a single library and analyzed on a single lane 
using the MARBL approach. However, the individual colony method yields more information. 
Individual recombination tracts can be identified with precision to the nearest SNP, yielding 
direct measurements of tract lengths and how frequently these tracts arise in individual cells. The 
pooling method cannot directly quantify individual tracts. Since observations are limited to the 
lengths of paired-end reads, any direct observation of an individual cell is limited to a 400-700bp 
window. The pooling method also cannot identify recombination events to the nearest SNP. 
Instead, the reliance on multiple polymorphisms to confidently call recombination events dictates 
that recombination rates can only be measured in areas of the chromosome that contain four or 
more polymorphisms in a 400-700 bp window. This implies a necessity for a local level of 
divergence of 0.6-1%. For the selected organisms in this experiment, M.16.27 and RJW004, this 
level of divergence is slightly higher than the genome-wide mean, which means that only a 
fraction of the chromosome can be studied with high resolution. For other systems that involve 
more divergent strains, recombination could be identified with even higher resolution and for a 
greater proportion of the genome.  
The MARBL approach is very similar to sequencing a ‘metagenome’ of a pool of 
colonies. In the same way, any particular paired-end read is a single direct observation of a single 
cell, and no two read-pairs  can be confidently linked to one another. However, mapping reads 
from a metagenome onto various population reference genomes does allow for local assessments 
of linkage between polymorphisms. This type of information is already being used to study 
strain-level variation in metagenomes (Luo et al., 2015). In the same way that MARBL is able to 
determine that recombination has occurred between two sets of polymorphisms that derive from 
different genotypes, the same tool applied to a metagenome could identify recombination 
between common sequence types in a particular population. 
As sequencing technologies improve, new techniques taking advantage of the 
advancements including lower error rates and increased read lengths need to be generated. As the 
interest grows for incorporating deep sequence data into studies of natural and experimental 
populations, so too does the demand for newer and better tools.  
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3.5 Methods 
Genetic cross assay 
Cultures of M.16.27 (wild-type) and RJW004 (M.16.04 ΔpyrEFΔargDΔlacS) were 
grown to OD 0.3 in dextrin-tryptone liquid medium (Cadillo-Quiroz et al., 2012; Whitaker et al., 
2003) supplemented with 20µg/ml uracil (Sigma-Aldrich) and 20µg/ml agmatine (Sigma-
Aldrich), then mixed at equal ratios for co-incubation at 78°C for 8 hours, with shaking at 180 
rpm.  The cell mixture was then washed three times in medium lacking agmatine to remove 
residual agmatine, followed by plating on selective dextrin-tryptone plates containing 50µg/ml 
5’-FOA (Toronto Research Chemicals) and 20µg/ml uracil.  
 
Colony pooling and DNA extraction 
After 10 days incubation of plates at 78°C, colonies were picked from the surface of the 
selective plates and re-suspended in DT liquid medium supplemented with uracil at room 
temperature. Table 3.1 shows the colony pools that were obtained and analyzed. The B1-3 and 
W1-3 colony pools come from three independent experiments (1-3) and were stained with X-gal 
dissolved in DMF prior to creating separate pools based on blue/white coloration (B/W). Colony 
pools were pelleted and re-suspended in TE buffer pH 8.0. Liquid cultures were grown to 0.2 
OD600, pelleted, and re-suspended in TE buffer pH 8.0 join here. Cells were lysed using GES 
[60% w/v guanidine thiocyanate (IBI Scientific), 4.2% w/v EDTA-tetrasodium (Sigma-Aldrich), 
0.5% w/v N-lauroylsarcosine (Sigma-Aldrich)], neutralized by addition of 150mM ammonium 
acetate (Fisher Scientific), and then treated with 24:1 chloroform/isoamyl alcohol (Fisher 
Scientific). Phases were separated by centrifugation at 13,200 rpm for 5 minutes, followed by 
extraction of the aqueous phase. DNA was precipitated with isopropyl alcohol (Fisher Scientific) 
and washed with 70% ethanol (Decon Laboratories, Inc.) prior to resuspension in EB buffer (Tris 
pH 8.0). 
 
DNA library preparation and sequencing 
A description of each DNA sample can be found in (Table 3.1). For the 18KCOL colony 
pool and CHI_MIX sample DNA was sheared using Covaris to isolate DNA fragments in the size 
range of 500-700bp (this size range was expected to produce reads that maximized coverage of 
genomic variation).  This fraction was prepared for sequencing using the Hyper Kapa Library 
Preparation Kit, with three rounds of post-preparation PCR amplification.  The resulting DNA 
libraries were sequenced on an Illumina HiSeq2500 for 251 cycles from each end of the 
 54 
 
fragments using a Rapid TruSeq SBS kit version 2.  Fastq files were generated and demultiplexed 
with the bcl2fastq v.1.8.4 Conversion Software (Illumina). 
For the B1-3, W1-3, M.16.27, and RJW004 samples, DNA was prepared using the 
Nextera XT DNA Sample Preparation Kit (Illumina). Prepared DNA was sequenced on an 
Illumina HiSeq2500 for 151 cycles from each end of the fragments using a Rapid TruSeq SBS kit 
version 1. The B1 pool was re-sequenced on another lane using the same procedures, resulting in 
its higher depth of coverage. 
 
Generation of simulated sequencing reads 
Simulated sequence reads were generated using the bbmap toolkit’s randomreads.sh 
script . Parameters were used to mimic the libraries used in the 250bp paired-end Illumina HiSeq 
runs, with a fragment size distribution of 330-900bp, and total read count of 250,000,000. The 
M.16.27 genome can be found at NCBI Accession #NC_012632.1, and the M.16.04 genome can 
be found at NCBI Accession #NC_012726.1. The RJW004 genome has been sequenced 
previously and polymorphisms in the genome were inferred via comparison with the M.16.04 
ancestor reference using breseq. 
 
Read trimming and quality filtering 
Reads were trimmed of adapter sequence using cutadapt (Martin, 2011). For the 18KCOL 
and CHI_MIX samples, the first mate pair file used ‘AGATCGGAAGAGCAC’ and the second 
mate pair file used ‘AGATCGGAAGAGCGT’ as the adapter sequences. For the Nextera-
prepared pools (B1-3, W1-3, M.16.27, RJW004), the adapter sequences used were 
‘CTGTCTCTTATA’ for both files. Reads were quality trimmed using sickle, with a 10bp 
average quality score cutoff of 25 and minimum length cutoff of 50bp. 
 
Alignment of reads with the reference genomes 
Reads were aligned to a reference genome using Novoalign v.3.02.12 and a license 
provided by the University of Illinois HPC-Bio group. To avoid soft-clipping in alignments, the 
option for a full Needleman-wunsch alignment was invoked. Output file format was required to 
be a .sam file for compliance and functionality with downstream tools. 
 
SNP database creation 
Mock reads from M.16.27 and RJW004 were aligned to the M.16.27 reference genome 
using novoalign. Alignments in the SAM file were analyzed for variants at each position. 
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Positions with 100% consensus in both genomes were used for downstream analysis, while 
positions containing within-sample conflicting calls were discarded. Of the kept positions, those 
with M.16.27 and RJW004 calling the same base were used to calibrate error rates as well as 
estimate mutation rates, while those that had different calls between genomes were used as the 
SNP database to identify recombination breakpoints.  
 
Sample-specific error rate calibration 
The statistical significance of breakpoint identification is determined by a likelihood of 
sequencing error deduced from internally-derived calibration of error rate from each sample using 
the database of positions identical between M.16.27 and RJW004. Briefly, every base call is 
binned according to multiple parameters, including quality score, position within the read, and 
preceding called dinucleotide. The error rates corresponding to each parameter value are then 
calculated using the frequency of reference matches and mismatches in the sample itself. In 
practice this is done using in-house perl scripts. Next, for each combination of nucleotide call, 
preceding dinucleotide, and quality score, variation in error rate over all positions within the read 
was interpolated using polynomial regression in R. Interpolated values were capped at a 
minimum of 1.1x10
-6
 and a maximum of 0.1, to avoid downstream software errors, as well as 
ensure that no single nucleotide call passes the significance threshold for recombination 
detection. The first 5 5’-end nucleotides and the last 2 3’-end nucleotides were removed from 
analysis due to irregular error rates for 250-bp reads, while the first 2 5’-end nucleotides were 
removed for the 150-bp reads. This process is similar to that of the GenomeAnalysisToolKit, but 
with the important distinction of incorporating the particular nucleotide called as an error. 
 
MARBL, Multiply-Anchored Recombination Breakpoint Locator 
The sample alignment file is then searched for paired-reads that cover multiple SNPs 
according to the SNP database file. Those paired-reads containing multiple SNPs are then tested 
for the potential to yield statistically significant recombination breakpoints (p < 1x10
-6
). This 
significance threshold was decided on the basis of maximizing the detection rate while limiting 
the influence of false positives (Figure B.7). If the sum of the products of error likelihoods on 
either side of a candidate junction is less than 10
-6
, then this junction contains information that 
could lead to detection of a recombination breakpoint and is counted as a test.  For any junction in 
any given read-pair, the test metric is calculated as the maximum theoretical number of 
breakpoints that the read-pair can identify divided by the number of test-able junctions in the 
read-pair.  The strain origin of the DNA (M.16.27 or RJW004) is recorded for each SNP, and any 
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junction that contains ≥2 SNPs of one genotype on one side, and ≥2 SNPs of the other genotype 
on the opposite side is determined to be the site of a recombination breakpoint with a value of 1.  
 
Detection of recombination breakpoints in simulated recombinant sequences 
First, 5Kb sequence chunks were extracted from the M.16.27 reference genome, centered 
on each of the detected sites in the 18K_colony sample MARBL output. Next, all polymorphic 
sites on either the left or right side (both were done) of the recombinant junction were substituted 
with the RJW004 polymorphism. Then, bbmap’s randomreads.sh was used to generate 10,000 
paired-end 250bp reads for the recombinant 5Kb sequence chunk. These reads were subjected to 
the same treatment as above (with the exception of quality filtering as there are no errors), and 
run through MARBL. 
 
Statistical analysis of recombination rate variation 
All statistical analyses were performed on the 18,767-colony pool. The Mantel test was 
used to test for correlation between recombination rate differences and positional distance among 
measured sites. With the selected marker included, there is a significant correlation between the 
genome proximity and recombination rate (r=0.03, p=0.001). Without the selected marker region, 
but including the integrated plasmid, the magnitude of the correlation decreases, but is still 
significant (r=0.011, p=0.011). Without the integrated plasmid measurements, this correlation 
becomes non-significant (r=0.0075, p=0.059), despite the fact that a subtle auto-correlation exists 
for distances <500bp due to the possibility of analyzing the same recombination breakpoint 
multiple times at slightly different measurement positions. 
K-means clustering was used to compare the clustering of positions of outlier 
measurements to the clustering of random measurements. Within-cluster variance was calculated 
for 1,000 similarly-weighted replicates, and the p-value is represented as the proportion of 
random measurements with less within-cluster variance than the sample. With the selected 
marker included, the top ten to twenty outlier loci are heavily clustered in this region (p<0.001). 
However, after the removal of the selected marker, no significant clustering is observed (Table 
B.3). 
For ANOVA, various binning sizes were used to break the genome into equal parts. 
unlike the Mantel and k-means testing, which test for variation over continuous scales, binning 
imparts a subjective assessment of “regional” variation. Therefore, multiple bin sizes were used 
to break the genome into variably scaled regions. While ANOVA shows significant variation 
between regions at the 25Kb (F=4.3; df=94, 5211; p<2x10
-16
) and 10Kb sizes (F=2.9; df=182, 
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5,123; p<2x10
-16), a Tukey’s HSD test determined that all significant differences (p<0.05) are 
caused by a single bin within the integrated plasmid. Removal of the integrated plasmid from 
analysis shows no significant individual bin comparisons at any tested bin size from 10Kb to 
250Kb. 
 
Running MARBL on sample data 
 MARBL can be accessed, along with sample datasets and usage instructions via the 
github repository system using the following website: https://github.com/krausedk/marbl_scripts.  
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Table 3.1 – Summary of samples analyzed by MARBL. 
 
Sample 
name 
Description No. of 
Colonies* 
Sequencing 
information** 
Depth 
18KCOL Recombinant colony pool (no staining) 18,767 2x250/245,153,778 22,800x 
CHIMIX Equimolar mixture of M.16.27 and 
RJW004 DNA 
N/A 2x250/111,383,460 10,300x 
B1 Blue colony pool – replicate 1 9,026 2x150/328,605,728 18,300x 
B2 Blue colony pool – replicate 2 4,688 2x150/38,508,604 2,150x 
B3 Blue colony pool – replicate 3 1,889 2x150/38,649,666 2,150x 
W1 White colony pool – replicate 1 1,072 2x150/58,296,238 3,250x 
W2 White colony pool – replicate 2 464 2x150/33,656,254 1,880x 
W3 White colony pool – replicate 3 79 2x150/39,029,152 2,170x 
M.16.27 M.16.27 DNA N/A 2x150/41,474,178 2,310x 
RJW004 RJW004 DNA N/A 2x150/59,076,670 3,290x 
*N/A if liquid culture was used instead of colony pool. 
**sequencing information contains the type of sequencing: 2x is paired-end, followed by number of cycles; number after the backslash is  
the total number of reads. 
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Table 3.2 – Recombination rates inferred from DNA samples (p_basecall < 1x10-3, p_breakpoint 
< 1x10
-6
, multi-SNP requirement). 
Sample 
Name 
MARBL 
breakpoints 
Total 
tests 
Breakpoint 
detection 
rate 
Weighted mean 
ρ (bp-1) 
Adjusted ρ* 
18KCOL 2,034 8,139,508 2.5x10
-4
 2.8x10
-6
 3.5x10
-6 
B1 144 2,239,463 6.4x10
-5 
1.2x10
-6
 3.2x10
-6 
B2 11 269,803 4.1x10
-5
 7.4x10
-7
 3.0x10
-6 
B3 7 226,723 3.1x10
-5 
5.9x10
-7 
3.0x10
-6 
W1 46 303,501 1.5x10
-4 
1.2x10
-6 
1.2x10
-6 
W2 39 196,220 2.0x10
-4 
2.3x10
-6
 2.3x10
-6 
W3 37 185,797 2.0x10
-4
 4.0x10
-6
 4.0x10
-6 
CHIMIX 50 2,829,113 1.8x10
-5
 2.3x10
-7
 - 
 
*adjusted ρ calculated using the pyrEF spontaneous mutation rates from Table S3.1. CHIMIX 
was not given any correction as there was no selection applied to the sample. 
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Figure 3.1 
A)  
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Figure 3.1 (cont.) 
B) 
   
 
Figure 3.1 – Recombination identified from individual recombinant colony sequencing. A) 
RJW004 genotype colonies show incorporation of donor SNPs (blue) surrounding the selected 
argD locus, which is located very near to the integrated plasmid (red). B) M.16.27 genotype 
colonies show incorporation of donor SNPs (gray) surrounding the selected pyrEF locus, which is 
located near the integrated plasmid (dark blue).  
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Figure 3.2 
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Figure 3.2 (cont.) 
 
 
 
Figure 3.2 – Tract lengths of individual recombination events. Selected tracts indicate those that 
occur in the locally collinear alignment block that contains the selected marker (either pyrEF or 
argD), while neutral tracts are all those that occur elsewhere in the genome. Single SNP modifier 
indicates that the recombination event is based on a single donor polymorphism, which implies 
that the tract length is likely a large over-estimate. (A) and (B) represent the RJW004-background 
genotype, while (C) and (D) represent the M.16.27-background genotype. 
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A) 
 
B) 
 
 
Figure 3.3 – Recombination inferred by donor SNP frequencies in individual background-
genotype colony pools. A) RJW004 background W1 colony pool. B) M.16.27 background B1 
colony pool. 
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Figure 3.4 – Summary of the MARBL pipeline. DNA is extracted from recombinant colony pools 
and sequenced, followed by quality control and alignment to a reference. MARBL then finds 
crossovers between the two genotypes that pass a statistical significance threshold. 
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A) 
  
B) 
  
Figure 3.5 – Genome-wide recombination rates calculated from deeply sequenced colony pools. 
Points represent the calculated rho value, with selected marker region (pyrEF/argD) and origins 
of replication labeled for A) 18,767-colony pool and B) 9,026-colony pool. The shading and size 
of the points are weighted by the product of the number of tests and the length of the junction 
DNA (larger and darker indicating greater DNA length measured and more precise rate estimate; 
log10-scaled ). The increased weight indicates greater precision, which should yield a more 
accurate single value estimate for each point. Cutoffs for this sample were 1x10
-3
 for individual 
base calling and 1x10
-6
 for breakpoint calling. 
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Chapter 4 
Antagonistic Interactions Among Sulfolobus islandicus Isolates Correlate With Phylogeny 
Despite Spatial and Temporal Variation
5
 
 
4.1 Abstract 
 Antagonism is a common ecological interaction found between organisms of all domains 
of life. In microbes, the production of proteinaceous  toxins is a common strategy for inhibiting 
the growth of or killing competing strains. By screening 44 isolates for the presence of 
sulfolobicins that target closely related strains within the same population, we find that 67% of 
strains produce a toxin. In order to learn more about the genetic underpinnings of the 
antagonisms, sulfolobicin from a particularly toxic strain was concentrated by purifying 
membrane vesicles and identifying toxin candidates using MALDI-TOF mass spectrometry. A 
resistance mechanism was also identified that, although not likely to be ecologically relevant to 
the antagonistic interactions, may yield future insight into the mechanism of action of 
sulfolobicins. Future work to complete more thorough genetics of the interactions, as well as 
define more sulfolobicins in the population would be helpful in gaining a more complete 
understanding of the genetic components that drive these antagonistic interactions among closely 
related strains. 
 
4.2 Introduction 
 Antagonism is a common ecological interaction, defined as an interaction between two 
organisms that results in a negative effect on one or both organisms. This class of interactions can 
be further broken down into parasitism or predation, where one organism benefits to the 
detriment of another; amenalism, in which one organism is negatively affected while the other 
experiences no effect; and competition or spite, where both organisms experience negative effects 
(Faust and Raes, 2012). In microbial systems, a common form of antagonism is the production of 
proteinaceous compounds known as bacteriocins, or in the case of archaea, ‘archaeocins’ 
(O’Connor and Shand, 2002; Riley and Wertz, 2002). These have been generally discovered and 
studied in the context of cultured strains growing at high densities in the laboratory. 
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 Although the ecological role of these toxins is much debated, for very similar reasons as 
the ecological role of non-proteinaceous antagonistic compounds such as antibiotics, their 
widespread distribution across the domains of life indicates some ecological importance 
(Andersson and Hughes, 2014; Kis-Papo and Oren, 2000; Linares et al., 2006; Riley and Wertz, 
2002). Laboratory experiments have shown that physical community structure, such as those 
found in biofilms, allows for the development and maintenance of diverse strategies such as 
producer-resistant-susceptible strain dynamics where the balance of toxin production, resistance, 
and fitness costs interact with spatial structuring (Kerr et al., 2002; Kirkup and Riley, 2004). If 
these strain dynamics play a role in ecological differentiation, such divergent strategies could lead 
to speciation between differentiated strains. 
 By isolating individual strains from nature and analyzing their interactions with other 
isolates, antagonistic interaction networks can be derived and compared with networks of genetic 
diversity or gene flow. In Vibrio cyclitrophicus antagonistic interactions were found to correlate 
with genetic distance, wherein antagonism among closely related isolates was very low, but 
spiked at their previously defined level of population divergence (Cordero et al., 2012). In 
Pseudomonas aeruginosa a similar study found that antagonism peaked at intermediate genetic 
distances, suggesting that strains competed with more distant strains to a point, beyond which 
competition decreased potentially due to ecological differentiation and a lack of benefit for 
competition (Schoustra et al., 2012). An initial screen of Icelandic Sulfolobus islandicus isolates 
for antagonistic compounds revealed that perhaps as few as 10% of strains exhibited any such 
activity (Prangishvili et al., 2000).  
The compound responsible for the antagonistic activity in one of the aforementioned S. 
islandicus strains was purified and deduced to be a small protein, termed ‘sulfolobicin’, that was 
enriched in membrane vesicles (Prangishvili et al., 2000). A genetics and biochemistry based 
approach in the more genetically amenable species Sulfolobus acidocaldarius determined the 
identity of this proteinaceous ‘sulfolobicin’; however, the genomes of toxin-producing strains of 
S. islandicus do not contain homologs of the aforementioned genes (Ellen et al., 2011). The 
mechanism of action of the sulfolobicin is still unknown, and this knowledge would be useful for 
adaptation of the toxin for use as a genetic marker, as well as a better understanding of the 
ecology of the antagonism (Ellen et al., 2011). 
During a preliminary screen of S. islandicus isolates from the Mutnovsky Volcano region 
of Kamchatka, Russia, it was discovered that many of the strains (67%), displayed antagonism 
against other strains within the population. This phenotype also partitioned well between the two 
previously described ‘species’ co-existing in the M.16 spring (92%) with toxic ‘blue’ strains and 
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susceptible ‘red’ strains, indicating that this antagonism could have a functional role in the 
speciation process (Cadillo-Quiroz et al., 2012). To expand upon the possibility that antagonism 
could play a role in the generation and maintenance of species in S. islandicus, strains from nine 
springs over two timepoints were assayed for antagonistic interactions as well as genome 
sequence variation that may underlie speciation. 
 
4.3 Results 
Genome sequences of 32 new strains from Kamchatka, Russia 
A previous study analyzed the genomes of twelve strains isolated from a single hot spring 
in the Mutnovsky Volcano region of Kamchatka, Russia in 2000 (Cadillo-Quiroz et al., 2012). 
This study broadens the genomic dataset using isolates from multiple springs from a sampling 
expedition in the year 2000 (M.12 and M.14) and multiple springs from a sampling expedition in 
the year 2010 (MP.01, MP.02, MP.03, MP.04, MP.05, MP.06) (Held et al., 2013). Strains were 
sequenced using Illumina MiSeq (Table 4.1). Strains were selected to yield one sequence from 
each spring from each clade of the phylogenetic tree produced in Cadillo-Quiroz et al. 2012. 
From previous analyses, the strains have been categorized as members of one of two clades, 
called ‘red’ and ‘blue’, and the new tree follows this nomenclature with any strains that share 
common ancestry with a previously defined ‘red’ or ‘blue’ strain taking the respective moniker. 
This new tree yields the ability to determine how certain traits have emerged in this phylogeny, 
such as the recombination barrier between the ‘red’ and ‘blue’ strains, as well as phenotypic traits 
observed in the laboratory (Figure 4.1). 
 Some of the strains do not fit within the ‘red’ or ‘blue’ types, however. There is a distinct 
set of strains that, although they do not form a clade themselves, are not obviously members of 
either type (Figure 4.1 – strains between and including M.14.25 and M.06.0.8). They can be 
considered as strains that share some common ancestry with the blue subset, but may or may not 
be members of the group. Analysis of genome-wide recombination patterns using the topology of 
the inferred coalescent phylogeny as the clonal frame, suggests that these strains may recombine 
with both the ‘red’ and ‘blue’ groups, as opposed to the general trend of recombination within a 
particular group and not between (Figure 4.2). As such, the strains M.06.0.8 and M.03.0.50 may 
well fit as divergent members of the ‘blue’ clade, while the rest of the strains are best described as 
hybrid organisms of the ‘red’ and ‘blue’ clades. Although the strains that comprise the M.16 
population have historically shown barriers to recombination that we have previously described 
as selection against hybrid organisms (Chapter 2; Krause et al. 2014), these new strains indicate 
that strains containing introgressions from either group can be found in nature. 
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Antagonistic interactions among the genome strains 
Spot-on-lawn experiments were performed to identify all pairwise interactions among the 
45 Mutnovsky genome strains. Small-scale replicated experiments demonstrated an antagonistic 
interaction network among the original twelve genome strains. Expanding this methodology to a 
larger set of strains required a more high-throughput methodology, which greatly increased the 
false negative rate and predisposed the analysis toward type II errors due to the difficulty in 
reliably identifying small zones of inhibition. In order to account for this, spot-on-lawn 
experiments were replicated up to nine times. Production of antagonistic interactions was defined 
as the detection of greater than two zones of inhibition produced over the entirety of the 
experiments, with the caveat that these zones of inhibition must come from at least two replicate 
experiments rather than solely being produced from a single replicate. Examples of plate images 
from spot-on-lawn experiments can be found in Figure 4.3 Strains that produced two or fewer 
zones of inhibition over all replicates or only produced a zone of inhibition in a single experiment 
were considered as false positives. This delineation removes sixteen presumed false positive 
interactions from the dataset, leaving 936 recorded zones of inhibition (1.7% false positive rate; 
Table 4.1). After the removal of these false positives, the mean false negative rate was calculated 
by taking the number of inferred true positive antagonistic interactions and dividing it by the total 
number of replicates of those particular interactions (936/1932), yielding a false negative rate of 
52%. For any highly replicated interaction, a single antagonistic replicate defines the interaction 
between the strains as antagonistic, while replicated interactions that do not discover antagonism 
are considered to be commensal.  
Using these criteria, we identified 292 unique inter-strain antagonistic pairs out of the 
total 946 pairs. None of the four ‘red’ strains produce a sulfolobicin, while 15/19 ‘blue’ strains 
do. The likelihood that any two strains display antagonism shows a significant positive 
correlation with the genetic distance between the strains (Pearson’s R = 0.58, p < 1x10-5; Figure 
4.4). Forty-nine out of seventy-six (65%) inter-strain tests that pair ‘blue’ strains with ‘red’ strains 
showed the ‘blue’ strain antagonizing the ‘red’ strain, indicating a strong unidirectional pattern of 
antagonism between the two clades. We also noted a strongly ranked structure in the taxonomic 
breadth of killing for each strain. The M.16.12 and M.16.22 clones show antagonism in 42 of 
their 43 interactions, which leaves only the interaction between them as their sole commensal 
relationship (Figure 4.5a). The strain with the next-highest taxonomic breadth of antagonism was 
M.03.0.42, which demonstrated antagonism in 32 of its 43 interactions (74%), followed by 
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M.04.0.10, which demonstrates antagonism in 21 of its 43 interactions (49%) (Figure 4.5b). 
Patterns of antagonism among other strains can be found in Figure 4.5c. 
Also, the breadth of antagonism for any particular strain, as indicated by the number of 
strains it is antagonistic toward, is strongly correlated with its breadth of resistance toward other 
strains that produce toxins (Pearson’s R = 0.40, p = 0.007; Figure 4.6). Although significant, the 
correlation is defied by a population of strains that retain high levels of resistance despite not 
producing any antagonism in the replicates. These strains are preferentially displayed in the ‘blue’ 
clade, indicating that there may have been loss of the antagonistic components with retention of 
resistance components, or alternatively these strains are generally antagonistic in nature, but do 
not express the phenotype under laboratory conditions. 
 
Identification of the sulfolobicin of the highly toxic M.16.12 
 One particular antagonistic interaction was chosen for deeper study in order to identify 
genetic components of antagonism, as well as the genetic nature of toxin susceptibility. A 
targeted approach using biochemistry and genetics could definitively identify genetic components 
of the antagonisms. To do this, we used the M.16.12-M.16.04 interaction, which forms large 
zones of inhibition (8-12 mm), as well as being capable of demonstrating killing dynamics when 
mixed in liquid culture. 
 In order to identify the toxic component of M.16.12, we used a similar protocol to a 
recent study that identified the sulfolobicin of S. acidocaldarius (Ellen et al., 2011). In short, 
membrane vesicles were isolated using ultracentrifugation of stationary-phase culture 
supernatant, followed by SDS-PAGE of the membrane vesicle fraction, seeding a dense lawn of 
M.16.04 (susceptible strain) and identifying a protein band that produces a zone of inhibition. 
This band was isolated and sent for MALDI-TOF mass spectrometry, and proteins identified 
using MASCOT (Table 4.2). Proteins present in M.16.12, but not in the M.16.04 genome were 
considered as toxin candidates. Only one was identified, M1612_1614, which is part of an 
integrated virus that has high homology to Sulfolobus Spindle-shaped Viruses (SSVs). 
  
Identification of a resistance mechanism in the highly susceptible M.16.04 
 In contrast to the biochemical identification of the sulfolobicin agent in M.16.12, the 
susceptible type strain M.16.04 offered the ability to identify the mechanism of toxicity in the 
susceptible background. The strength of the interaction between M.16.12 and M.16.04 leaves 
large (8-12 mm) zones of inhibition on solid media. This space is sufficiently large to identify and 
isolate rare resistant mutants. Resistant colonies were isolated and purified three times, followed 
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by demonstration of resistance by having no zone of inhibition when challenged with a spot of 
M.16.12 culture. 
 Three resistant strains were derived from three independent replicates of this experiment. 
Their genomes were sequenced using Illumina MiSeq and compared back to the M.16.04 
ancestor using breseq (Barrick et al., 2009). Each strain contains multiple identified mutations, 
but they all share mutations in a single gene – M164_2139 (Table 4.3). This gene is annotated as 
an HtpX homolog. In E. coli this gene has been identified as a protein that is up-regulated in 
response to heat, as well as confers a phenotype of increased proteolytic degradation when 
subjected to truncation (Kornitzer et al., 1991). It was later confirmed biochemically as a Zn-
dependent protease (Sakoh et al., 2005). Its homolog in yeast, Ste24p, is involved in the 
maturation of mating-pheremone  (Pryor et al., 2013; Tam et al., 1998). An amino-acid alignment 
between the three homologs demonstrates that the important active site and Zn-coordinating 
domains are highly conserved.  
 All three strains harbor mutations that also conserve the active site and Zn-coordinating 
site. None of the three are simple missense mutations, instead the mutants harbor either a deletion 
of the C-terminus, a stop codon that terminates the protein prior to completion of the wild-type C-
terminus, and a duplication in the N-terminal region that translates a divergent N-terminus. 
Mutations that affect terminal tails may be more likely to play regulatory or binding-site affecting 
roles rather than altering the function of the protein, as suggested in Kornitzer et al 1991.  
 
4.4 Discussion 
The identification of strains that produce antagonistic compounds in spot-on-lawn assays 
against closely related strains indicates that as much as 67% of the population produces 
sulfolobicins. This is in stark contrast to previous estimates based on isolates from Iceland, which 
suggested a rate of approximately 10% (Prangishvili et al., 2000). While the current putative gene 
is a component of an integrated virus, this gene is not found in other strains outside of the 
M.16.12 and M.16.22 isolates. This observation indicates that the other toxic strains may utilize 
components of their own divergent integrated viruses, or that they utilize some other genes that 
are not related to viruses. Purification of membrane vesicles and the same biochemical approach 
could be applied to various strains to identify gene candidates from other strains. 
 While there were many antagonistic interactions identified in these experiments, the high 
false negative rate implies that more replication would still be useful to identify more antagonistic 
interactions. The naturally resistant strains that do not produce sulfolobicins may produce 
sulfolobicins if they are further analyzed. Alternatively, these strains may have lost the genes 
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required for antagonism, but have retained the components necessary for resistance. Another 
possibility is that the strains do not express the toxic components under laboratory conditions. In 
this case, just having the genes responsible for antagonism may imply that the strains are toxic in 
nature, but not in the laboratory. 
Further work will be necessary to confirm this gene as the causative agent of the toxin. 
This includes the knockout of the gene in the M.16.12 background, as well as attempts to express 
the gene in trans on a plasmid in the M.16.04 susceptible genotype, or in other non-producing but 
somewhat resistant types. Nearby genes that function as modification enzymes, or even anti-toxin 
systems may be later discovered by targeted genetics approaches. The integration of this gene as 
part of a virus may have serious implications for the role of viruses as beneficial entities to the 
cell, as opposed to their classically-held view of parasitic agents. 
 The mutations that drive resistance are very peculiar. We conclude that the M164_2139 
gene is not likely to be the actual target of the toxin, but instead the mutants are modified to turn 
over proteins in the cell at an increased rate. This increased rate allows the cells to become 
resistant to the toxin since the toxin is degraded prior to fully affecting the target cell. The 
mechanism of resistance may also explain its general resistance to other strains with varying 
susceptible strain ranges. If these interactions are all run by one or a few sulfolobicin isozymes, 
then the levels of production may define the level of antagonism that each strain displays.  
 Also, this gene does not contain significant variation among the strains that might explain 
variation in resistance to the sulfolobicins. The M.16.12 version is very similar to the M.16.04 
susceptible version, indicating that this gene is not likely normally involved in sulfolobicin 
resistance in nature. Future genetics work will need to be applied in order to confirm the role of 
this gene in laboratory-derived resistance, whether it contributes in a dominant or recessive 
manner to the phenotype, and potentially what other pathways this mutation affects in the cell. 
Future work to identify the mechanism by which the toxin kills susceptible cells could include 
transcriptomic responses to low levels of toxin, or isolating resistant mutants under the minimal 
inhibitory concentration of toxin, rather than within the zone of inhibition where high 
concentrations of toxin may predispose us toward isolating highly resistant genotypes as opposed 
to ecologically relevant mutants. 
 Ultimately, further research into this system of antagonism could reveal more insight into 
ecological interactions between S. islandicus isolates. Certainly identifying multiple sulfolobicins 
would add to the understanding of the diversity of these compounds throughout the genus. Also, 
better identification of the targeted genes will help to understand the mechanism by which 
sulfolobicins act on the susceptible cells. Armed with identities of sulfolobicins and their target 
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genes, one can look directly at the natural population and infer antagonistic interactions without 
bringing strains into the lab – one of the ultimate goals of studying natural genetic diversity.  
 
4.5 Methods 
Spot-on-lawn assays 
All strains were started from freezer stocks in DT medium at pH 3.5. Strains were grown 
at 78°C for 6 days in order to allow strains to reach stationary phase, as well as allow for slow-
growing strains to increase in cell density for the experiment. Optical density measurements were 
taken at 600nm, and all strains were corrected to 0.2 units, except those that did not reach the 0.2 
unit standard. Lawns were seeded with 750µl of OD-corrected culture, containing approximately 
10
8
 cells. On top of the seeded lawns, spots of 3µl of OD-corrected culture, containing 
approximately 4x10
5
 cells were placed. Based on plate size and spot measurements, relative cell 
densities at the spot-lawn interface are approximately equal (1.1 – 1.3 x 104 cells/mm2).  
Plates are incubated at 78°C for 7 days before scoring for zones of inhibition. Any 
smearing or growth deficiencies evident in the spots or lawns caused the particular interactions to 
be discarded for that particular replicate. 
 
Genome sequencing 
All strains were grown in 20mL cultures of DT medium at pH 3.5 to stationary phase. 
Cells were pelleted at 4,000xg for 10 minutes, and re-suspended in TE buffer. Cells were lysed 
with GES, neutralized with ammonium acetate, and organic and aqueous phases were separated 
using chloroform:isoamyl alcohol (24:1) followed by centrifugation for 15 minutes at 13,500 rpm 
in a tabletop centrifuge. DNA was precipitated from the aqueous phase with isopropyl alcohol, 
and washed with 80% ethanol, before re-suspending in elution buffer. DNA concentration was 
measured using Qubit and diluted to 0.2ng/µl for input into the Nextera XT library preparation 
kit. Post-library preparation concentrations were normalized using the Fragment Analyzer and the 
PROSize 2.0.0.34 software for analysis (Advanced Analytical Technologies, Inc.) before being 
sequenced on an Illumina HiSeq 2500 in rapid run mode for 249 cycles paired-end. 
 
Genome assembly 
Genomes were assembled using the a5 pipeline specially designed for MiSeq. CRISPR 
loci were subjected to a secondary assembly by pulling all reads containing the A1/A2 locus 
repeat (CTTTCAATTCTATAGTAGATTATC) or the C locus repeat 
(CTTTCAATTCCTTTTAGGATTAATC). Spacers were extracted as sequences flanked by 
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repeat sequence on either end. These were then assembled using overlap layout consensus with 
in-house software.  
 
Comparative genomics 
Alignment of the a5-generated contigs created a great deal of variation among genomes 
likely due to poor alignment and poor quality at the ends of contigs. The Mutnovsky genomes 
have previously been shown to have a high degree of synteny. Since downstream analyses of 
recombination are focused only on core regions of genome alignment, the loss of novel genome 
content by mapping reads to a reference genome is not important. Therefore, reads from the new 
genomes were mapped to the M.16.27 reference genome and SNPs called using breseq. The new 
genomes were reconstructed using the M.16.27 reference with the called SNPs, and regions of the 
M.16.27 genome lacking coverage were deleted. Genomes were aligned using progressiveMauve, 
with U.3.2.8 as an outgroup. Locally collinear blocks (LCBs) longer than 500nt and contained in 
all aligned genomes were used for ClonalFrame analysis. A core phylogeny was obtained using 
ClonalFrame v1.2. 
 
Isolation of membrane vesicles and sulfolobicin 
M.16.12 was grown into stationary phase (O.D.600 ~ 0.4) before centrifugation of cells at 
4°C. Cleared supernatant was then stored at 4°C until it could be further processed in an 
ultracentrifuge. Ultracentrifugation was used to concentrate membrane vesicles at 35,000 rpm in a 
Ti60 rotor (Beckman) for 65 minutes. After resuspension of membrane vesicle pellets, they were 
centrifuged for 30 seconds at 16,000xg to remove debris and aggregates. The final solution was 
stored at -20°C. Vesicles were then run through a SDS-PAGE. After fixation in 80% ethanol, gel 
slices were seeded in susceptible M.16.04 lawns and incubated at 78°C for 5 days. The slice 
containing the sulfolobicin displays a zone of inhibition, and its corresponding stored gel slice 
was sent for MALDI-TOF mass spectrometry. Peptide fragments were identified using MASCOT 
with the M.16.12 draft genome. 
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4.8 Figures and Tables 
 
Table 4.1 – Strain toxicities and resistance to toxin-producing strains. Strains shaded in gray are 
non-toxic strains. Numbers in % toxic interactions are total zones of inhibition divided by total 
interactions. Numbers in % resistant interactions are the proportion of interactions with toxic (i.e. 
non-shaded) strains spotted that do not produce a zone of inhibition. 
Strain Name 
% toxic 
interactions 
% resistant 
interactions 
M.02.3.11 0.00 0.75 
M.05.0.25 0.00 0.87 
M.05.0.30 0.00 0.68 
M.06.0.8 0.00 0.84 
M.14.17 0.00 0.83 
M.16.02 0.00 0.59 
M.16.04 0.00 0.82 
M.03.0.50 0.00 0.68 
M.03.1.5 0.00 0.80 
M.03.2.5 0.00 0.91 
M.05.0.1 0.01 0.93 
M.12.07 0.00 0.85 
M.16.47 0.00 0.81 
M.02.2.19 0.01 0.93 
M.04.0.13 0.01 0.87 
M.05.3.4 0.01 0.91 
M.12.04 0.01 0.89 
M.16.40 0.01 0.59 
M.03.0.27 0.01 0.88 
M.12.37 0.01 0.92 
M.14.16 0.01 0.90 
M.01.0.2 0.01 0.93 
M.01.3.2 0.01 0.92 
M.02.0.33 0.01 0.92 
M.04.2.3 0.02 0.89 
M.05.0.43 0.02 0.91 
M.16.27 0.03 0.96 
M.05.1.5 0.03 0.90 
M.14.25 0.05 0.94 
M.02.1.13 0.03 0.92 
M.02.1.6 0.04 0.91 
M.06.2.4 0.04 0.91 
M.16.46 0.04 0.93 
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Table 4.1 (cont.) 
 
M.01.1.3 0.05 0.90 
M.16.13 0.05 0.92 
M.16.30 0.05 0.90 
M.12.46 0.07 0.96 
M.16.43 0.06 0.90 
M.16.23 0.06 0.92 
M.02.0.37 0.07 0.95 
M.04.0.10 0.23 0.92 
M.03.0.42 0.36 0.99 
M.16.12 0.82 1.00 
M.16.22 0.84 1.00 
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Table 4.2 – Table of genes identified by MASCOT from the MALDI-TOF peptides. Gray-shaded 
gene was not found in susceptible M.16.04 genome, which makes it the sole candidate for 
sulfolobicin. 
 
Gene coordinates Score Mass Matches 
M1612_1419080_1420450 38 47KDa 10 
M1612_2050123_2052132 37 74KDa 5 
M1612_1340424_1341362 31 33KDa 11 
M1612_992215_993979 31 67KDa 54 
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Table 4.3 – Mutations in the M.16.04 toxin-resistant mutants as identified by breseq. Bolded 
mutations indicate those that occurred in the M164_2139 HtpX homolog. 
 
Strain Gene Mutation 
4M_1 M164_2139 184bp deletion 
 M164_2433 Q109H 
4M_2 M164_2139 W302* 
 M164_2587 A436D 
 M164_2706 Y349H 
4M_3 M164_2139 145bp duplication 
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Figure 4.1 – ClonalFrame tree of the 45 genome strains. Phylogeny rooted on the U.3.2.8 strain 
from the Uzon Geyser Valley (nearby, but different thermal area). Reads were mapped to the 
M.16.27 reference genome and SNPs called using breseq (Barrick et al., 2009). Scale bar 
represents 0.1 coalescent units. Red and blue rectangles correspond to adjacent taxa belonging to 
their respective clades inferred from Cadillo-Quiroz et al. 
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Figure 4.2 – Recombination with the ‘red’ and ‘blue’ species. Recombination events were 
identified as SNPs that violated the single mutation on a single branch assumption of the clonal 
frame topology, with each event being mapped to a particular branch on the phylogeny. The 
number of times a particular branch shares a recombinant polymorphism with the ‘red’ or ‘blue’ 
group is recorded, and the color of the branch indicates which group scores a higher number of 
SNPs. The ratio is represented as the branch thickness, with thicker branches indicating a more 
skewed ratio. 
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Figure 4.3 – Plate image of the antagonistic interaction spot-on-lawn experiments. Zones of 
inhibition are scored based on a zone of clearing surrounding a spot on a particular host lawn. 
Arrows point to identifiable zones of inhibition on an M.16.04 plate. 
 
 
 
 
 
 
 
 
 
 
 
 88 
 
 
Figure 4.4 – Probability of antagonism is correlated with genetic distance. Grey bars indicate the 
proportion of all between-strain comparisons that fall at each genetic distance level. The 
proportion of interactions that show antagonism at each genetic distance level is indicated by the 
black line (P(A|D) represents the probability of antagonism, A, given genetic distance, D). 
Genetic distances were calculated using core SNPs in MEGA6.  
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Figure 4.5 
a) 
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Figure 4.5 (cont.) 
b) 
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Figure 4.5 (cont.) 
c) 
 
Figure 4.5 – Antagonistic interaction networks among the genome strains. a) M.16.12 and 
M.16.22 antagonism toward all other strains in the dataset. b) M.03.0.42 and M.04.0.10 
antagonism toward a large set of other strains. c) Antagonism among the remainder of the strains, 
with heavy density from the ‘blue’ clade toward the ‘red’ clade. 
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Figure 4.6 – Toxicity is correlated with resistance. The number of strains resisted is a quantity 
based on the resistance to a strain that has been confirmed to produce a toxic interaction against 
one or more strains in the dataset.  
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Chapter 5 
Concluding Remarks and Future Directions 
 
5.1 Population genomics and microbial species  
Attempts to define microbial species using broadly applicable techniques and simple 
definitions have risen and fallen over the past several decades, through the usage of DNA-DNA 
hybridization, 16S rRNA similarity, and average nucleotide identity (ANI). Although the 
necessity to compartmentalize individuals into operationally taxonomic units is crucial for the 
future of microbiology, a case-specific and nuanced methodology has had to wait for advances in 
sequencing technology and affordability. For present and future studies, in-depth analyses that 
combine high-throughput sequencing of many individuals and principles of population biology 
will lead to better identification of species. For the M.16 population of Sulfolobus islandicus, 
analysis of historical recombination events identified reduced levels of recombination between 
the divergent ‘red’ and ‘blue’ clades, which indicated potential analogs to the biological species 
concept (Cadillo-Quiroz et al., 2012). However, there were no strong genomic candidates to 
explain the differentiation between the genomes, such as the genomic ‘islands’ identified in 
comparisons of Vibrio cyclitrophicus strains (Shapiro et al., 2012). 
By delving more deeply into the patterns of genetic diversity in these genomes in Chapter 
2, we found that recombination and selection interact to produce variation in the levels of 
polymorphic positions throughout the genome (Krause et al., 2014). In this way reduced 
recombination in particular regions of the genome, especially those encompassing or near the 
three origins of replication, leads to the loss of diversity via background selection. Because of the 
inferred low recombination rates between species, there is also an observation of higher fixation 
between species in these regions. In regions of higher recombination, diversity is maintained in 
the presence of selection, and occasional recombination between species maintains decreased 
levels of fixation.  
This study does not explain why natural population recombination rates vary throughout 
the S. islandicus genome. It could be due to mechanistic aspects of the gene transfer or 
homologous recombination processes, or alternatively it could be due to selection against 
combinations of alleles that arise from recombination between organisms in these regions. While 
selection acting on individual genes can be inferred using metrics such as dN/dS, the McDonald-
Kreitman test, or Tajima’s D, metrics for selection acting on allelic interactions are far less 
obvious. One possible metric for this kind of study is linkage disequilibrium. If there is no 
selection against allelic combinations, there should be no linkage disequilibrium among particular 
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alleles, while selection should create disequilibrium. This type of analysis would require 
information from many more isolates to achieve any significance, perhaps hundreds, than the ten 
used in this study. 
 
5.2 Mechanistic aspects of genetic recombination in S. islandicus 
Attempts to define genome-wide recombination rates in Chapter 3 were motivated by the 
differential hypotheses proposed by the work in Chapter 2, namely that genome-wide variation in 
recombination rates inferred from analyses of natural diversity could be the result of mechanistic 
aspects of the gene transfer and recombination machineries or natural selection acting upon 
recombining strains in nature. The individual colony sequencing approach in Chapter 3 was 
valuable in confirming the skew in recombination tract lengths toward short tracts. This short 
tract recombination had been previously described in the related organism Sulfolobus 
acidocaldarius (Grogan and Rockwood, 2010). Because that study utilized electroporation of 
995-bp PCR product DNA, while average recombination tract lengths were 161bp with many 
tracts shorter than this, the gene transfer process itself cannot be exclusively responsible for short-
tract recombination. Indeed, studies of recombination in this organism using single-stranded 
oligonucleotides have suggested similarities between the Sulfolobus marker incorporation 
mechanism and lambda-red recombination (Grogan and Stengel, 2008). 
It is possible that the tract length distribution represents the usage of different 
recombination pathways. In eukaryotic literature, recombination events utilizing different 
pathways result in different recombination products (Chen et al., 2007). Very short recombination 
tracts are often the result of gene conversion events, while longer events are often explained as 
one or more crossover events. The shortest tract identified from individual colony sequencing in 
Chapter 3 was 28bp while the longest was 105Kbp: a range that spans nearly four orders of 
magnitude. Homologs to canonical homologous recombination pathways from bacteria and 
eukaryotes are known in these archaea (White, 2011). Knocking out proteins involved in this 
pathway, possibly as temperature sensitive mutants, might skew results even further toward short 
tract recombination and away from longer tracts. Alternatively, key components of the short tract 
recombination system could be identified by screening transposon libraries for strains that cannot 
undergo short tract recombination to resolve densely spaced polymorphisms within selectable 
markers. 
The long tracts observed in Chapter 3, although uncommon, had not been directly seen 
before in Sulfolobus spp. Related studies have often focused on aspects of short tract 
recombination using one or few marker loci, using either natural cell-cell “conjugation” or 
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electroporation of oligonucleotides (Grogan, 1996; Grogan and Rockwood, 2010; Hansen et al., 
2005). The long tracts identified in Chapter 3 have enough resolution along their entirety to 
confidently conclude that they are one long integrated donor tract, and not multiple smaller tracts, 
which is only discernible using many markers such as neutral SNPs. While short tracts are 
capable of creating linkage equilibrium between closely spaced markers in a single cross, these 
long tract recombination events may be useful for studying inter-species hybrids between the 
‘red’ and ‘blue’ species. 
The role of integrated plasmids in the process of genetic exchange in S. islandicus is still 
currently being tested. Certainly conjugation of plasmids does occur in other Sulfolobus strains 
(Schleper et al., 1995). In some of the individual recombinant colonies, the plasmid of the donor 
strain could be identified as a circular episome with an estimated coverage of 8x the genomic 
coverage. The most likely explanations for this are that the plasmid entered the recipient cell 
during a conjugation-like process, or it excised from the donor chromosome at some point in the 
DNA transfer process after entering the recipient cell. However, this phenomenon occurred in 
only three out of the 36 sequenced colonies, and it is difficult to conclude whether it is a 
component of the gene transfer mechanism or a ‘guilty-by-association’ artifact due to its physical 
location near the selectable markers. Deletion of the plasmid or regions containing putative 
conjugation genes is currently being attempted (Greve et al., 2004). Crosses with a strain that 
naturally lacks plasmids (M.16.02) have shown that this plasmid-lacking strain is capable of 
acting as a DNA donor, although further studies will be needed to determine comparative rates. 
One strain also demonstrated significant recombination between the integrated conjugative 
plasmids of each strain, and the phenotype of this strain should be studied to identify whether 
particular regions of each plasmid may confer enhanced or decreased plasmid transfer. 
 
5.3 Disagreement between natural population and laboratory experiments 
 The apparent discrepancy between genome-wide variation in recombination rates inferred 
from nature in Chapter 2 and uniform rates inferred from laboratory experiments in Chapter 3 
imply that mechanistic aspects of recombination do not drive the patterns seen in nature. Instead, 
as is often the case, it is more likely that natural selection acts upon the progeny of recombination 
events and drives changes in the frequency of strains that undergo recombination in various 
genomic regions. However, directly testing this hypothesis is challenging, especially given the 
small sample size that we have to work with as mentioned above in section 5.1. 
 While the study in Chapter 2 implied that there were large regions of the genome that did 
not undergo recombination in nature, there was limited statistical power in discerning 
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recombination ‘hotspots’. These regions of the genome, where recombination was prevalent in 
the natural population but no different from any other region in the laboratory study, may be 
under selection that favors the combination of many different alleles. These regions of the 
genome contain a higher frequency of variable genes that are not present in all the strains. 
Frequent recombination in these regions may maintain this variable gene pool, and represent the 
need to adapt to a constantly changing environment by gaining and losing genes as they offer 
differential fitness benefits. 
 
5.4 Antagonism may support species barriers, with exceptions 
 The discovery in Chapter 4 that certain strains display antagonism against others in spot-
on-lawn experiments suggested the possibility that strains may genetically diverge from one 
another along these antagonistic lines, wherein antagonistic interactions may lead to genetic 
incompatibility. This hypothesis is consistent with observations of Vibrio spp. that are generally 
more toxic toward members of genetically different populations than their own population 
(Cordero et al., 2012). It was especially interesting to note that the ‘red’ strains from Cadillo-
Quiroz et al. do not produce antagonistic interactions, and they are generally quite susceptible to 
them, while the ‘blue’ strains tend to produce antagonistic interactions or, at the very least, be 
resistant to them. While genetic distance does correlate positively with the likelihood of 
antagonism between any two strains, the presence of ‘blue’ strains that do not fit within this 
‘susceptible red/toxic blue’ paradigm implies that this cannot be the sole source of genetic 
divergence. 
 Identifying the genetic underpinnings of these interactions will be crucial to finally 
understanding the role that these interactions play in the natural environment. Some strains may 
not express the genes for antagonism under laboratory conditions, or susceptibility and resistance 
may be dependent upon genetic as well as environmental factors. Future work at concentrating 
membrane vesicles from multiple strains and identifying toxic proteins would help in determining 
which strains contain the genes required for antagonism. The putative toxin identified in M.16.12 
mapped to an integrated virus that the other toxic strains do not contain, implying that either this 
gene is incorrect, or there are multiple toxic genes in the population. Considering that S. 
acidocaldarius contains sulfolobicin genes that are not found in any of the toxic S. islandicus 
strains, there may very well be multiple different sulfolobicins in this population (Ellen et al., 
2011; Prangishvili et al., 2000). 
 Identifying the gene target of sulfolobicin is likely a more difficult challenge. Isolating 
multiple independent mutants from zones of inhibition revealed mutations in the same gene, 
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M164_2139, an HtpX homolog. These mutants are widely resistant to sulfolobicin from all tested 
strains, which may indicate a broad-spectrum resistance mechanism toward proteinaceous toxins 
rather than specific mutation of the target gene. There does exist the possibility that all of the 
sulfolobicins target a particular gene, specifically M164_2139, and these mutations could alter 
binding to the toxin. Future attempts to identify genetic targets should utilize lower doses of the 
sulfolobicin protein, approaching the minimum inhibitory concentration. Future experiments 
should also attempt to identify the function of M164_2139, as well as how the mutations affect its 
function, and whether they are dominant or recessive when expressed in trans. 
 The use of sulfolobicin as a genetic tool is also promising. Attempts to cross the M.16.12 
(toxic) and M.16.04 (susceptible) strains have failed to produce recombinant colonies multiple 
times. This could be due to the killing of M.16.04 by the toxic cells, implying that live M.16.04 
cells are required for gene transfer. Resistant mutants of the M.16.04 strain have not yet been 
tested. Also, cell-cell fusion has been proposed as a mechanism for gene transfer in these 
organisms, and the transient diploid may be susceptible to endogenous toxin. Future experiments 
that delete the sulfolobicin genes, as well as crosses with sulfolobicin-resistant mutants would be 
useful in identifying the nature of sulfolobicin-mediated killing, as well as mechanistic aspects of 
gene transfer. 
 
5.5 Expanding studies of speciation in S. islandicus  
Although the aforementioned studies have not been able to definitively answer the 
question as to why recombination is reduced between the ‘red’ and ‘blue’ species in nature, it 
does propose some new hypotheses as well as exclude some. While recombination in the natural 
environment appears to be reduced between species, this feature is most pronounced in highly 
conserved regions surrounding origins of replication. These regions contain many core genes, and 
selection against inter-species hybrids may be common here due to the necessity for producing 
functional multimeric protein complexes for survival. As mentioned in the addendum to Chapter 
2, expanding the population genomics dataset to 45 genomes discovered that these low 
recombination zones are specific to the ‘red’ and ‘blue’ strains cohabiting the M.16 hot spring, 
and inter-species hybrids can be found in other springs and other time-points. Therefore, there is 
not a clear selection-based reason that recombination cannot occur in these regions. 
 The results of Chapter 3 suggest that there is no mechanistic explanation for reduced 
recombination in these regions. With this in mind, the pronounced regions of low recombination 
identified in Chapter 2 are either the result of selection against inter-species hybrids specifically 
in the M.16 hot spring, or artifacts of the small sampling size. There still are isolates from the 
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M.16 hot spring that can be sequenced to identify whether the analysis of the ten strains agrees 
with an expanded set of thirty to forty strains. However, given the difficulty in traveling to the 
Kamchatka peninsula and the frequent sampling expeditions in Yellowstone National Park, 
population genomics of strains from YNP would be helpful in continuing these studies due to the 
ability to analyze more isolates from the same springs over a timescale with one-year resolution. 
While the study of the M.16 population represents a snapshot of the genomic diversity at a single 
time, using many snapshots of diversity over time will give a better picture of how species form 
and are maintained. 
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Appendix A 
 
 
 
 
Figure A.1 – Simulations with constant substitution rate. A) Polymorphisms per site calculated in 
10Kb windows over a 2,692,402 bp simulation of constant substitution rate. B) Divergence 
between the subpopulation and outgroup. Grey bars indicate 95% expected range of values 
according to a binomial distribution. 
 
0.001
0.0015
0.002
0.0025
0.003
0.0035
0.004
10000 510000 1010000 1510000 2010000 2510000
P
o
ly
m
o
rp
h
is
m
s
 p
e
r 
s
it
e
 
Simulated window position 
0.09
0.095
0.1
0.105
0.11
0.115
10000 510000 1010000 1510000 2010000 2510000
D
iv
e
rg
e
n
t 
S
N
P
s
 p
e
r 
s
it
e
 
Simulated window position 
 101 
 
  
 
 
 
Figure A.2 – Levels of polymorphism within the two coexisting species show similar patterns to 
each other, and with the patterns of polymorphism among all ten genomes. Genome position is 
the number of the 10Kb window analyzed.  Comparison between the within-red and within-blue 
datasets shows a significant positive correlation (Pearson correlation: p=9.7x10
-7
, R=0.32). Both 
also show a correlation back to the full population polymorphism distribution (Pearson 
correlation: red vs. total p<2.2x10
-16
, R=0.69; blue vs. total p<2.2x10
-16
, R=0.79). 
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Figure A.3 – Simulated data under multiple substitution rates. A) Polymorphism calculated in 
each simulated 10Kb window. B) Divergence calculated in each simulated 10Kb window. 
Horizontal grey lines indicate the 95% expected range of values according to a binomial 
distribution. Green and purple dots indicate points above and below the expected range, 
respectively. Window numbers between the two plot correspond to one another and are drawn 
from the same simulation. The parameters used to generate the simulated population are 
described in the methods. 
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Figure A.4 – Recombination estimated within subpopulations. There are limited events by this 
method of detection for recombination within subpopulations, leading to limited resolution of 
within-subpopulation recombination patterns. SNPs which violate the core gene tree topology 
within a subpopulation, but are not explained by singleton mutations, are mapped here, as 
recombinant SNPs per total within-group SNPs in 10Kb windows. No value indicates either no 
recombination data for that window. 
 
 
 
 
 
0.01
0.1
1
0 500000 1000000 1500000 2000000 2500000 3000000
R
e
c
o
m
b
in
a
ti
o
n
 w
it
h
in
 R
e
d
 g
ro
u
p
 
Genomic position 
0.001
0.01
0.1
1
0 500000 1000000 1500000 2000000 2500000 3000000
R
e
c
o
m
b
in
a
ti
o
n
 w
it
h
in
 B
lu
e
 g
ro
u
p
 
Genomic position 
 104 
 
 
 
 
 
 
 
Figure A.5 – Recombination estimated using the number of unique recombinant topologies in 
each 10Kb window. Recombinant SNPs in each 10Kb window were analyzed for unique 
phylogenetic topologies, and this number was selected to estimate the number of recombination 
events that have occurred in each window. Windows with less than 5Kb of core nucleotide 
positions are empty. Values were corrected for the number of total recombinant SNPs in each 
window. 
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Table A.1 – Random permutations of gene locations influence regional correlations between 
dN/dS and polymorphism. 
Trial No. dN/dS 
range 
Polym 
range 
dN/dS stdev Polym 
stdev 
p-value rho 
Actual 0.61 0.030 0.082 0.0028 1.2x10
-3
 0.21 
1 0.62 0.051 0.064 0.0037 0.17 0.066 
2 0.62 0.027 0.060 0.0026 6.7x10
-3 
0.17 
3 0.60 0.025 0.065 0.0022 7.2x10
-4 
0.22 
4 0.61 0.078 0.062 0.0055 7.8x10
-3 
0.17 
5 0.59 0.031 0.063 0.0025 0.080 0.097 
6 0.57 0.031 0.060 0.0026 0.052 0.11 
7 0.57 0.026 0.061 0.0023 0.11 0.085 
8 0.65 0.055 0.066 0.0048 0.016 0.15 
9 0.57 0.12 0.057 0.0084 0.13 0.080 
10 0.66 0.011 0.065 0.0016 0.092 0.093 
11 0.63 0.058 0.059 0.0042 0.62 -0.022 
12 0.64 0.024 0.060 0.0021 8.3x10
-3 
0.17 
13 0.57 0.029 0.084 0.0025 0.066 0.11 
14 0.57 0.021 0.067 0.0020 8.3x10
-3 
0.17 
15 0.59 0.017 0.061 0.0018 0.030 0.13 
Random permutations were performed for all genes with contained polymorphism and dN/dS 
values kept paired.  Top row indicates the actual values from the genomic data.  Only one random 
permutation shows a stronger correlation between dN/dS and polymorphism, and most are no 
longer significant at p<0.01. 
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Table A.2 – LRZs with high polymorphism levels and significant linkage disequilibrium. 
 
Left end Right end Length # of SNPs ZnS Most common topology Genomic location 
461,792 467,365 5,573 43 0.69 Fixed High polym.  
475,153 477,891 2,738 32 0.84 Fixed High polym.  
544,515 548,407 3,892 201 0.86 M.16.43 High polym.  
1,110,587 1,130,248 19,661 228 0.68 M.16.4 & M.16.40 High polym.  
2,186,632 2,195,873 9,241 256 0.96 Blue (except M.16.30) High polym.  
2,364,760 2,369,684 4,924 30 0.69 Fixed High polym.  
 
Polymorphism is calculated as SNPs divided by LRZ length. ZnS is a measure of linkage disequilibrium, considered significant at ZnS>0.67.  Most 
common topology describes which strains likely acquired the polymorphisms; fixed is between species according to (Cadillo-Quiroz et al. 2012).  
All of these are found in high polymorphism regions of the genome. 
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Table A.3 – SNPs discarded due to poor alignment quality. 
LCB Start LCB Stop Length p-value # removed SNPs 
549,279 550,289 1,010 2.3x10
-32 
25 
666,967 692,121 25,154 4.2x10
-5 
94 
726,208 726,829 621 3.5x10
-5 
15 
727,104 728,389 1,285 1.9x10
-8 
12 
960,920 962,067 1,147 3.5x10
-7 
3 
2,189,205 2,197,273 8,068 2.6x10
-26 
58 
2,235,391 2,241,194 5,803 3.5x10
-6 
13 
2,631,195 2,653,626 22,431 7.4x10
-40 
146 
 
p-value corresponds to a one-sample t-test comparing the distance from the LCB edge of all SNPs 
within an LCB to the expected mean (1/4 of the LCB length). After a Bonferroni correction for 
294 LCBs containing greater than one polymorphism, the significance cutoff is at p<1.7x10
-4
. 
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Appendix B 
Table B.1 – Frequencies of background genotypes in colony pools and DNA mixtures. 
DNA 
Sample 
lacS coverage 
(M.16.27-background) 
lacS deletion frequency 
(RJW004-background) 
pyrEF coverage 
(percentage of M.16.27) 
18KCOL 7,793/21,560=0.36 11,856/18,288=0.65 3,701/20,981=0.18 (50%) 
CHIMIX 4,472/9,683=0.46 4,890/8,539=0.57 4,561/9,043=0.50* 
B1 24,180/18,289 > 1 71/16,333=4.3x10
-3 
9,089/14,461=0.63 (63%) 
B2 3,308/2,514 > 1 2/2,216=9.0x10
-4 
928/1,245=0.75 (75%) 
B3 2,303/1,879 > 1 2/1,652=1.2x10
-3 
1,386/1,726=0.80 (80%) 
W1 53/3,097=0.017 2,141/2,184=0.98 37/2,688=0.014 (82%)** 
W2 50/1,775=0.028 1,219/1,289=0.95 59/1,591=0.037 (100%)** 
W3 39/1,951=0.020 1,288/1,317=0.98 195/1,834=0.11 (100%)** 
 
*there was no selection in the CHIMIX sample, and therefore pyrEF coverage is only an 
indication of M.16.27-background genotype frequency and not spontaneous mutant formation 
rate. 
**the M.16.27-genotype is at such a low frequency in the samples, no correction for pyrEF 
spontaneous mutation was made from these data. 
 
 
Table B.2 – MARBL identification of recombination breakpoints surrounding the selected 
markers. Values indicate total number of estimated breakpoints in each marker-specific region, 
and parenthesis enclose expected values. 
DNA Sample pyrEF left pyrEF right argD left argD right Total  
18KCOL 0.73 (0.22) 1.4 (1.0) 2.8 (0.8) 4.9 (2.0) 
CHIMIX 0 0 0.008 0.008 
B1 0.26 (0.44) 0.39 (0.44) - - 0.65 (0.88) 
B2 0 (0.30) 0 (0.30) - - 0 
B3 0 (0.24) 0 (0.24) - - 0 
W1 - - 2.1 (1.2) 11 (1.2) 13 (2.4) 
W2 - - 0.18 (1.2) 6.1 (1.2) 6.3 (2.4) 
W3 - - 0 (1.2) 1.1 (1.2) 1.1 (2.4) 
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Table B.3 – k-means clustering of samples vs. similarly weighted random subsamples. 
 
# of 
outliers # of k-means 
Proportion of random 
samples with less 
variance 
with 
markers 
w/o 
markers 
10 
1 0 0.041 
2 0 0.285 
3 0 0.505 
4 0 0.536 
5 0 0.553 
6 0 0.324 
7 0 0.663 
8 0 0.466 
9 0 0.013 
    
20 
1 0 0.035 
2 0.002 0.988 
3 0.007 0.894 
4 0.018 0.863 
5 0.563 0.669 
6 0.958 0.721 
7 0.001 0.314 
8 0 0.631 
9 0 0.148 
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Figure B.1 – Genome alignment of the selected marker region in M.16.27 and RJW004. Locally 
collinear blocks (LCBs) of the same color indicate homologous sequences between the two 
genotypes. The green LCB contains all of the homologous sequence over which recombination at 
the marker occurs, and it is bounded on either side by integrated plasmids. The pyrEF and argD 
genes are labeled, as well as their corresponding surrounding regions over which recombination is 
measured to test MARBL’s efficiency. 
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Figure B.2 – Detection of tracts in individual colonies given certain tract lengths based on SNP 
distances. The proportion of tracts that cover a position with a SNP between RJW004 and 
M.16.27, starting at any given nucleotide position in the M.16.27 genome, is shown for various 
tract lengths. 
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Figure B.3 – Hex-binned scatter plot shows the density of points in the acceptable range for 
MARBL detection. Left-side and right-side refer to which side of the recombinant junction 
contains donor SNPs in the simulated reads. Points above and to the right of the line are used, 
while points below and to the left of the line are discarded for risk of false negatives. 
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A) 
  
B) 
   
Figure B.4 – Distance-dependent drop-off of donor sequence incorporation surrounding the 
selected markers in individual recombinant colony sequencing of the two genotypes: A) RJW004 
(argD) and B) M.16.27 (pyrEF). Black line indicates tracts containing the selected markers, while 
gray lines contain only neutral markers. 
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Figure B.5 – Recombination rates inferred from the chimeric mixture DNA false detection control 
pool. Points are weighted by the product of the number of tests and the length of the junction, 
which is representative of the accuracy of the measurement.    
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Figure B.6 
A) 
 
  
B) 
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Figure B.6 (cont.) 
C) 
 
  
D) 
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Figure B.6 (cont.) 
E) 
 
  
Figure B.6 – Recombination rates inferred from the five lower sequence depth colony pools. A) 
B2, B) B3, C) W1, D) W2, and E) W3. 
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Figure B.7 
A) 
 
B) 
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Figure B.7 (cont.) 
C) 
 
D) 
 
Figure B.7 – Altering the significance threshold of MARBL shows that false detection is 
minimalized at 10-15% for p-value thresholds less than 1x10
-4
. Values between 1x10
-7
 - 1x10
-5
 
show very little variation, given a per-base-call cutoff of A) 0.001 or B) 0.01. Including a 
requirement for 2 SNPs to be called on either side of a junction creates the patterns found in C)  
and D) at 0.001 and 0.01 per-base-call-cutoffs, respectively, dropping the false positive rate to 
7%. 
